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FOREWORD

This document is one of seven volumes which present the results of an eight-month,
Phase-B preliminary design study of the Dual-Mode Lunar Roving Vehicle (DLRV).

This study was performed for the National Aeronautics and Space Administration,
Marshall Space Flight Center, Huntsville, Alabama, under Contract NAS 8-24529,
Modification Number 1, by the Grumman Aerospace Corporation, Bethpage, New York.
BACKGROUND

With two lunar landings successfully behind us, it is becoming increasingly
important to justify future luner flights on the basis of scientific yield rather
than on the accomplishment of the lunar landing alone. ILunar surface mobility is
the key toward achieving this goal. The DILRV will not only provide this mobility
for astroneuts on the moon, but will also provide the capability for performing
long-range geological and geophysical traversesby remote control from earth for

a period of one year, thus enabling scientific activities to continue even during
times when lunar flights are infrequent.

The scientific value of the DLRV is its area of coverage and its duration of
operations. It will also provide a continuum of lunar activity, with real time
command capability, while promoting scientific and popular interest in the lunar
program between the lunar landings.

OBJECTIVE

The primary objective of the DIRV is to provide the first step in a combined manned/
automated capasbility for lunar exploration. A continuing requirement of the
scientific community is long traverses of the lunar surface to allow collection of
data over wide areas and identification of areas of geological, mineralogical,
seismic, magnetic, and gravitational interest.

An automated or remotely controlled roving vehicle is not constrained in stay-time
because it is not dependent on a life support system when it is operated in the
unmanned mode. It also can be essentially a "one-way" vehicle in the remote mode
since it need not return an astronaut or the samples it has collected to the initial
landing site; it can be remotely driven to a future landing site for return to earth
of its samples. It can also be operated againin the manned mode, permitting

the landing crafts payload to be used for something other than a rover. These



features enable the dual-mode vehicle to cover much greater ranges and distances on
the dunar surface. By collecting lunar samples from wideiy separated areas of the
moon, making scientific measurements with on-board instrumentastion, and deploying
small self-contained packages of geophysical instruments, a continuum of scientific

data can be obtained which will hopefully cast new insight into the physical nature
and origin of the moon.

CONFIGURATION

As currently configured, the DLRV is compatible with all IM and IM-derived delivery
systems, although this study has focused attention primarily on the Extended Lunar
Module (EIM).

The DLRV configuration consists of three two-wheeled modules, designated the
Control Module, the Power Module, and the Science Module, arranged left to right
in the view shown in the accompanying illustration. The Control and Power Modules
are stowed as one folded assembly in Quadrant I of the EIM's descent stage.
Deployed on the lunar surface by the astronauts using either automatic or manual
means, this four-wheeled rover is operated in the manned mode with its driver
seated on the Control Module together with the manned science payload.

Following the manned sorties, the astronauts deploy the science modu.e, which is
saddle-bag mounted to Quadrant IV of the EIM. The unmanned science payload is
integral to the Science Module, having been installed before launch. The Science
mdoule is manually connected to the power module, and the solar array which was
manually erected on the lunar surface to charge batteries between sorties is trans-
ferred to the control moduie. This is the DLRV configuration shown here. The
six-wheeled, remotely controlled configuration has the science module, carrying
the television camers and the sample collection arm, up front. ZElectronic equip-
ment and batteries are mounted in insulated bays for thermal protection. The
equipment mounts on heat sinks which are thermally connected by heat pipes to
radistors mounted on the top of the bays. The heat sinks contain & phase-~change
material which absorbs heat when the radiators are not operating. The radistors

may be covered when driving to protect the surfaces from dust.

REQUIREMENTS

The DLRV described in this report meets or exceeds NASA's requirements and guide-
lines. Installed in the EIM the DLRV weighs 650 pounds, exclusive of science
payload. In the manned mode the rover must accompl;sh the two 30-km sorties per
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day, and in the unmanned mode it can traverse 1000 km with‘ﬁhmerous science stops
in & year's time. The full complement of 100 pounds of manned science equipment
and 250 pounds of unmanned scientific payload can be accommodated in addition to

samples.

The DLRV must perform manned traverses over smooth mare at peak speeds of 15 km/hr
and unmanned traverses at a maximum speed of 2 km/hr limited primarily by the
ground control capability. Furthermore, the manned vehicle can easily negotiate

a 30-cm step obstacle, cross a TO-cm crevasse, or climb a 350 slope. In the
unmanned mode the obstacle-climbing and crevasse-crossing capability increases

to 100 cm.

Although the DLRV is not primerily designed for lunar night operations its sub-
systems have some limited capability to perform at dusk. The basic DLRV
can traverse for spproximately 2 hours during lunar night while growth versions

of the power subsystem will permit equal day/night roving capability.

SUBSYSTEM

The system is divided into the following subsystems:

Mobility

Fach cone wheel is individually powered by & brushless dc motor and gear train.

An actuator at the joint between the modules provides the power for articulated
steering. The rear joint in the six-wheeled configuration is not powered, the
joint being free in yaw. An electronics assembly receives signals from either

the astronaut's hand controller or the earth-based driver by way of remote commands
and provides the logic and amplification for control of the steering and wheel

drive motors. The suspension is the swing-arm type with torsion bars.

Crew Systems
The driver's adjustable seat is positioned safely between the front wheels. He

ingresses from the front and his feet are protected from hazards. An emergency
passenger station is provided on the control module for rescue of an astronaut.
The astronaut's instrument panel contains the hand controller, navigation displays,

a warning light, and essential subsystem controls.

Navigation

The navigation subsystem provides a heading reference in the form of a sun sensor




on the control module during the manned mode and a directiqnal gyro on the science
module during the unmanned mode. Distance traveled is determined from odometers
on all wheels. All computations are done on the ground including those necessary
for the astronaut's navigation display. Unmanned updating of position 1s accom-

plished by using the TV camera for landmark sightings and star field patterns.

Communications/Instrumentation (including Remote Control)

Communications with earth is accomplished by S-band transmitters and receivers
through the 85-foot antennas of the MSFN/NASCOM. A high-gain, stesrable antenna
capeble of tracking its received signal and an omnidirectional antenna are located
on the rover. The astronauts are linked to the S-band equipment via a VHF link
through the PLSS. Data handling equipment digitally formats data from the vehicle
and the scientific ejuipment. The DIRV's S-band transmitter can simultaneously
transmit voice and biomedical data from the astronaut, digital data and a video
signal. The video may come from the lunar survey system in the manned mode or
either the facsimile camers or the rover's television camera in the unmanned mode.
Commands, voice and data for the astronaut's display are received by the S-band

equipment, decoded and distributed.

Hazard Detection

A pulsed radar detects the size and location of hazards that can immobilize the
DLRV. An electronic processor analyzes the radar's output and certain vehicle
parameters and compares these to preset critera. Siow or stop signals are

generated to prevent damage to the rover.

Fover

Electrical power is provided by a combination of three sources: batteries, solar
array, and a radiosotope thermoelectric generator (RTG). The array is not carried
on the manned configuration but is used for battery recharge between sorties. It
is manually installed on the control module during conversion tothe unmanned
configuration and self-tracks the sun. The RIG is the primary source for standby
power during the lunar night. Conditioning and distribution equipment control

the potential of ac and dc busses and protect the power subsystem from faults.

Space Support

Space support equipment in the form of tie-down fittings, struts, release
mechanisms, and unloading devices allows stowage of the vehicle in the EIM and

deployment on the lunar surface. Some equipment remains with the ELM; other is



integral with the vehicle chassis.

Science

The DLRV provides tie—down and deployment for e variety of vehicle-mounted scientific
equipment. Typical‘of this equipment for the manned mission is the lunar survey
system and the Apollo lunar hand tools (geology tools). For ummanned (remote control)
mode, typicel experiment packages include the sample collection arm, facsimile camera,
X«ray diffractiometer/spectrometer, gravimeter, magnetometer and remote geophysical
monitor. Electric power, commend reception and data transmission are provided for

the science payload.
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SECTION 1
INTRODUCTION

The system design and analysis results reported in this book involve the deriva-
tion of requirements for, and the design and analysis of, the entire system as
opposed to similar work at the subsystem level. Requirements from Vol. IV,

Scientific Equipment Interface Design, are a major input to this book.

The categories of study effort that correspond to the subsections of this book
are briefly identified. Mission analysis establishes mission/operations
requirements and defines mission capability. System design arranges the sub-
systems into a vehicle configuration and assures physical compatibility among
the subsystems and complementary systems. Systems analysis assesses and
optimizes the system from the view of each design discipline: thermodynamics,
reliability, etc. Human factors analysis and crew station design optimize

the integration of the crew. The design of the mobility subsystem is also
considered because of the inseparable relation to the configuration and arrange-

ment of a lunar mobility wvehicle.
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SECTION 2
MISSION ANALYSIS

2.1 MISSION RULES AND CONSTRAINTS

In order to construct the sequence of events and operations, it is first
necessary to set down <the variety of assumptions and constraints to which the
mission must conform. These represent the starting point for the generation of
the Reference Missions and in some instances are also operational and design
requirements. \

The primary source of information for the rules and constraints is the Statement
of Work, .wov. 1, 1968, Exhibit "A" of the Procurement Request. This has been
supplemented and ammended by informal discussions with MSFC and directions
received at splinter group meetings following the regular monthly progress
reports. An additional principal source is the U, S, Geological Survey Report,
"Lunar Terrain and Traverse Data for Lunar Roving Vehicle Design Study", by Moore,
Pike and Ulrich, March 19,1969.

2.1.1 Manned
0 Manned mode operations consist of three types of EVA:
- A checkout sortie
- A typical sortie
- Conversion to the unmanned mode
o The vehicle will traverse 30 km during each typical sortie
o The traverse distance is within a radius of 10 km of the EIM
o The vehicle is capable of a continuous speed of 15 km/hr
o The total time of all crew transfers is 30 minutes
o The lunar sample payload is TO 1t
o Data and voice links are on continuously

0 The following science equipment is used:

- Apollo Lunar Hand Tools

~ Tunar Survey System

o A typical sortie includes four 20 minute science stops and four 5-
minute science stops

o DNominal astronaut walk range from the DLRV during the 20-minute science
stop is 70O meters, the range limit of the Survey Staff

I11/1.2-1



2.1.2 Unmanned

The mep distance to be traversed is 1000 km

The meximum duration of the mission is one year
There are 21 major science stops, each 50-hours long:
- Twenty hours are used for local maneuvering

- Thirty hours are used for science stops

The distances between sites are 50 km except for two sites which are
100 km apart

There are science stops every 0.5 km

The velocity of the vehicle is determined by the sun angle and
the terrain as shown below. The speed variastions at 20° - 70° sun
angles are from the U, S, Geologlical Survey study

TABLE 2.1-1 GROUND VELOCITY (km hr ) FOR TERRAIN AND LIGHTING
0° to 5 Sun 5° to 20° Sun

Terrain Fun ° o ° ° o o

85 to 90 O™ to 85 20° to TO
Smooth Mare 0 1.00 2.0
Rough Mare 0 .90 1.8
' Hummocky Upland 0 .60 1.2
Rough Upland 0 .60 b
Large Crater 0 ko A

o

o

¢}

The vehicle is to avoid areas covered by shadows
The vehicle is to avoid craters larger than two meters across

All subsystems will be deactivated during lunar nights with the
exception of the command receilver and required heaters

A1l subsystems, except communications, will be deactivated during
battery recharge

The lunar sample payload is 250 pounds
The following science equipment is used
- Sample Collection Arm

- Sample Storage Device
- PFacsimlle Camera

- X-ray Diffractometer/Spectrometer
- Gravimeter

- Magnetometer

- Remote Geophysical Monitor

No samples are retained unless analyzed by the X-ray device
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2.2 REFERENCE MISSIONS

The Reference Mission is a normal sequence of events and operations which
illustrates how the equipment is used to achieve the objectives. It is used
as & baseline or point of departure for various project purposes, equipment
operations, crew task analysis, weight reporting, and reliability modeling.
Since other operations, as emergencies, may be more critical for subsystem
design, the related Reference Mission requirements should be considered only
as minimums.

2.2.1 Manned Mission

The manned DLRV mission starts with the deployment of the vehicle. This is
followed sequentially by an initial checkout sortie and three regular sorties
which include eight science stops per sortie. A conversion to the unmanned
mode concludes the manned mode of operations. One EVA is scheduled during a
twenty-four-hour period.

See Table 2.2-1 for a summary of the major phases.

2.2.1.1. Deployment

Deployment consists pf the structural disconnecting of the DLRV and the fold-
out and separation from the EIM.

Structural disconnect is a solenoid-operated unlatching of primary structural
tiedown members. Fold-out consists of the spring-assisted deployment of the
vehiclé using a slave mechanism to sequentially stage wheel struts and chassis
lockout during fold-out sequence. Separation occurs via the astronauts' signal
from the ascent stage which powers the aft wheels to drive the DLRV out of the
deployment rack.

The science module is remotely deployed in & similar kinematic fashion to the
control and power modules. The final off-loading stages are accomplished by
the astronaut. Details of the deployment are explained in Book II of this

volume.
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TABLE 2,2-1 MAJOR PHASES - MANNED REFERENCE MTSSION

Duration Elapsed Time

EVENTS Hr: Min Hr ; Min
Prelaunch, Earth Ascent thru ELM Touchdown, 103210
IM Post-Landing Checkout, and First EVA *
Post EVA activitlies, Personal Maintenance,
Sleep, Preparation for the next EVA, Egress 12:30 103:10
and Ingress
Second EVA Initial Checkout Sortie. See . .
Table 2,2-2 Ok:06 115:40
Post EVA activities, Personal Maintenance A
Sleep, Preparation for the next EVA, Egress 19:5h4 119:46
and Ingress
Third EVA Typical Sortie. See . .
Table 2.2-3 Ol 3k 139:40
Post EVA activities, Personal Maintenance
Sleep, Preparation for the next EVA, Egress 19:26 1hk4:1k
and Ingress
Fourth and Fifth EVA, Repeat Steps 5 and 148300 163: 140
6 twice.
Sixth EVA, Conversion to Unmenned Mode. . .
See Table 2,2-4 02320 211:40
Begin unmanned operations 21k4:00
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2.2.1.2 Initial Sortie (2nd EVA)

The events of the initial sortie are delineated in Table 2.2-2 and include the

following features:
o One astronaut
o Checkout procedures as described in Volume II, Book II

0 A test drive which takes 29 minutes and is restricted to a radius of
0.5 km. The velocity is varied to the maximum of 15 km/hr

o Two five-minute science stops during which geological tools are used
to gather samples which are photographed and stored

o0 Two twenty-minute science stops. The astronaut dismounts from the
vehicle and walks up to 700 meters from the vehicle
2.2.1,3 Typical Reference Sorties
The second, third and fourth sorties are the third, fourth and fifth EVA's and

are referred to as Typical Reference Sorties. The events are delineated in
Table 2.2-3 and include the following features: '

o Checkout procedures as described in Volume II, Book II

o Four five-minute science stops previously described

o Four twenty-minute science stops as previously described

o The driving velocity of the vehicle is 15 km/hr

o The total distance travelled is 30 km within a radius of 10 km

from the ELM

2.2.1.4 Conversion to Ummanned Mode

The activities that occur during the conversion to the unmanned mode are

delineated in Table 2.2-L
The following are removed:

0 Apollo Lunar Hand Tools

0 Lunar Survey:. System

The following are installed:
o Science Module
o0 RGM unit

0 Solar array
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TABLE 2.2-2 INITTAL SORTIE (2nd EVA)

i Distance in km, Time in Hr: Min
Increment|Cumulative | Duration |Elapsed Time
1 Crew transfer from ELM to DLRV 00:15
2  Set-uptasks (See Book II) 00:10 00:15
Checkout (See Book II, Para- 01:16 00:25
graph L.1)
i Drive to science module, deploy 00:20 01l:41
science module
5 Remove manned science from ELM 00:30 02:01
and install on DLRV
6 Drive to First Science Stop at .5 00:06 02:31
Skm/hr
7 Pick up samples and store, use 00:05 02: 37
geological tools, photograph
geologlical features
8 Drive to second stop at 10km/hr| 1.0 .5 00:06 o2: L2
staying within 0.5 km of EIM
9 Dismount, pick up and store 00:20 02: 148
samples, use geological tools
and Survey Staff, photograph
features, remount
10 Drive to third science stop at A 1.5 00:02 03:08
12km/hr steying within 0.5 km
of EIM
11 Same as 7 00:05 03:10
12 Drive to Fourth science stop at .5 1.9 00:02 03:15
15km/hr, staying within .5 km
of EIM.
13 Same as 9 00:20 03:17
14 Return to EIM at 7.5 km/hr .5 2.k 00:0k 03:37
15 Post-sortie check (See Book II 2.9 00:10 03:41
Paragraph 4.1 )
16 Transfer to ELM 00:08 03:51
okL:06
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TABLE 2.2-3 TYPICAL MAIINED REFERENCE SORTIES (3rd, 4th and 5th EVA)

Distance in km

Time in Hours:Min

Increment] Cumilative| Duration | Elapsed
1 Egress ELM Ingress DLRV 0:15
2 Perform C/0 (See zook II Para.l.l) O:1k 00:15
3 Drive to First Stop at 15 km/hr 3.5 0 0:1k 00:29
L Dismount, pick up and store samples, 0:20 00:43
use geological tools, photograph
geological features, use Survey Staff
remount vehicle.
5 Drive to Second Stop 3.0 3.5 0:12 01:03
6 Pick up and store samples, use 0:05 01:15
geological tools, photograph
geological features.
7 Drive to 3rd Site at 15 km/hr 3.5 6.5 0:1bL 01:20
8 TRepeat Step #L 0:20 01:3k
9 Drive to Lth Site at 15 km/hr 3.0 10.0 0:12 01:54
10 “epeat Shep # 6 0:05 02:06
11 Drive to 5th Site at 15km/br 3.5 13.0 0:1k 02:11
12 Repect Step =L 0:20 02:25
13 Drive to 6th Site at 15 km/hr 3.0 16.5 0:12 02:45
1L Repeat Step £ 0:05 02:57
15 Drive to Tth Site at 15 km/kr 3.5 19.5 0:1b 03:02
16 Repeat Step #k 0:20 03:16
17 Drive to 8th Site at 15 km/ur 3.0 23.0 0:12 03:3€
18 Repeat Step #6 0:05 03:48
19 Return to EIM at 15 km/hr 4.0 26.0 0:16 03:53
20 Post-Sortie Checkout (See Book II, 30.0 0:10 ck:09
varagraph L,1)
21 Ingress ELM C:15 0L:19
DL 3k

=
t—~
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TABLE 2.2-4 CONVERSION TO UNMANNED MODE (6TH EVA)

10
11

12

13
14

Egress ETM

Remove equipment not required for unmanned mode
Clean and inspect vehicle

Configure crew station for ummanned mode

Cover instrument panel with thermal
insulating bag

Connect science module mechanically and
electrically to the power module

Remove steering actuator from manned
configuration position and place between
science and power module

Mount solar array

Elevate suspension system of power and
control modules

Load RGM
Install magnetometer on control module

Observe ground checkout. See Book II,
Par. 4.1

Enter EIM

Begin unmenned operations

Duration Elapsed Time
Hr: Min Hr: Min
00:15 0
00:15 00:15
00:10 00:30
00:05 00:40
00:15 00:45
00:20 01:00
00:03 01:02
00:05 01:05
00:02 01l:10
00:05 01:12
00:05 01:17
ul:k1 01:22
00:15 u3:03
03:18

I1/1.2-8




2.2.2 Unmanned Misgion

The distances traveled, stops and speeds are well defined in the U, S,

Geological Survey report previously mentioned. Speeds have been additionally
amended for lighting as mentimed under Constraints. A list of the terrain and
the major science sites from the same report is given in Table 2.2-5, The percent
increment in ground-to-map distance is also indicated.
The mission briefly consists of a serles of phases which are repeated until the
specified 1000-km mep distance (1155 km ground) is completed. The phases are:

o Driving between and at mejor sites

o Science stops at major sites

o Routine science stops every % km while traversing between major sites

0 Quiescient periods during lunar night and poor lighting conditions.
Other repetitive phases result from the operation of science and vehicle equipment.
TIoading of the X-ray device requires & 3-minute stop every 12 minutes. Stops
are also required when the batteries are recharged.
The unmanned science equipment operations as determined from the Sclence Interface
Book of Volume VI, are listed in Teble 2.2-6. They are briefly described as
follows:

0 The magnetometer is on continuously except during battery recharge and
lunar night

o The X-ray device is on continuously except during battery recharge and
lunar night. It operates in active and standby modes for 7 minutes and
8 minutes respectively

o No samples are retained unless analyzed by the X-ray device

o The sempler is fully active for 10 minutes at every science stop and on
standby for 8 minutes. It also operates 3 minutes of every 15 minutes to
load the X-ray device, except during battery recharge and luner night

o The facsimile camera operates for 28 minutes at every routine sclence stop
along the traverse., It operates for 34 minutes at major science stops
and 3 minutes of every 15 minutes to load the X-ray device, except during
battery recharge and lunar nights

o The gravimeter operates in place on the surface for 8 minutes at every
science stop. Deployment and retrieval require 2 minutes. It is kept
on standby at all other times except during battery recharge and lunar
night

o The sample storage operates for 2 minutes at every sclence stop and one
minute of every 15 minutes except during battery recharge and lunar night

II/1.2-9/10



Z

)
21/11-2°I/IT BT 110010

Gt Gt QT axel yInoy
9t SJIEN YFooug
03 o n3 £xoommy
€T puetdn ySnoy
02 0t 8T aJae yInoy
o1 SJIEN yjooug
03 S €T pusTdn ysnoy
91 SJBH yjooug
02 0T U Lxpooummy
8T 2JIeN ysnoy
02 qt 8T saep ysnoy
9T I8 uySnoyg
02 St qt SIel ysnoy
eT pueTdn ysSnoy
02 0T 9t X ysnoy
TE JI59BI) 35187
03 €T Tt I938I) 98xe]
73 A3[o oummyg
02 L ¢ JI99BI) S5Ie]
€ I538I) o3IeT
02 eT 1€ Jsqe1) o8I18T
02 3T 8T I8N ysnoy
TE Is98I) o3x8]
03 S T€ I93BI) S8xe]
02 S €T puetdn ysnoy
13 Lxppoummy
03 0T U £30 oummy
QT SIBY yINoY
02 6T 9T spueTdn uySnoy
12 L3ooummyg
02 ¢t 8T axgy ysnoy
gT I8N USnoy
02 qt 8T Saey ysnoy
QT SJaep uSnoy
03 0T 8T 2ag] ysnoy
ot S8 yjooug
02 ot QT axel ysnoy
91 SJIEN yjoous
Gt 03 oL SIT YJoowWs
- o S0UBISTA 94T8 23 9318-01~92T
9318 woem 3y 39TS Uo®E 3V dgy oF puwoIy A FSTOL-S3 TS
SWTT, SUTATI(Q S0UBYST(J PUNOID QUSWSIOUT JUSOIDJ odAT, UTBIIS],

03
e 300
4N

L1emous TemIsy3/uousmousyd qus Tsusay

STTTI PS3BIOOSS® PUB SI938BID OTBY YIBg

S99A9T U3 TM STTTI SNONUTIg

JI338ID UTBYD IO IBBY

(swop paprts-dsags 10) swop dog-I338a)
SWOp BABT MOT

WTI UTSBq YITA OTIQUSOUOD SSTTTI SI8R
JI938I0 1Td IO BISPTER)D

MOTJ STIqe(

JOO0TJ I33BID 33a8T ul ¥ead [BIJUL)

SSTTTJI OTJIZUSDUOD IBIU 30BIUCD T [BA-IOGTT]

TTeM JO WIX 19380 uo supeld | pspuod,,

O0TydeI8138I1S PSJISAUT pUB TRULION

WUII I39BID UYSSJII o38aw]

sdreos 3By UYFTA STTTL JUSTRILS

sadoTs sny{®3 pus 30B3UOCD puBTdn-3IBY

S0BIISY UY3TM SBPII dI9)

‘BSIE PIISAOD-LBI TBUOIZSI UT

SI938JI0 DTJIJUSOUOD PUB SISFBID AYOOTq TTBWS JO PTITJ AIepuodag
SYO0Tq pue s308dWT LIBPUODSS YITM JI238BI)

suoissaxdsp JBaUIT U3Th doj pue JUOXI MOTJI BABT

UTITIC 9SI9ABIY 3B UY3TTo8ad yaooug

SNOISSIW TaNNVWNN - SHITS HONAIOS HOCLYW $-3°3 IV

=L

L-I

9-1

-1
-1

=i

c-A

c-I

I-I

=&




TABLE 2.2-6 SCIENCE EQUIPMENT OPERATIONS FOR UNMANNED MISSION

DRIVING STOPPED POWER
EQUIFMENT (Min.) (Min.) (Watts
1. TV Camera Scan of Site Includes 2
Landmark Sightings 2 15
2, Megnetometer Continuous ¥ 5
3. Gravimeter (10)
Deploy Gravimeter 1 15
Stabilization 5 10
Measurements 3 100
Retrieve Gravimeter 1 9
Standby Continuous * L
4, Semple Arm (18 y**
Concurrent With Gravimeter Operations 10 15
Standby 8 5
During X-Ray Diffractometer/Spectrometer | Three minutes per 15 min.
Load Cycle throughout mission
5. Sample Storage Container One minute during three
(Run Concurrently with Sampler Arm) minute interval of 15 min,
cycle o 5
6. Facsimile Camera (28) 15
Two panoramic views 10
Observe Sample Arm and Samples Bx*
Observe Deployment of Gravimeter 2
Status Check of Magnetometer 1
Photograph Terrain 4
Mode Transition 3
During loading of X-ray Device Three minutes during 15
minute cycle
7. X-ray Diffractometer/Spectrometer Continuous throughout
Mission in 15-minute
cycle )
Standby & Prepare 1 11
Active 8 25
*

Except during night and battery recharge

**% Increase by 6 minutes at Major Science Stops
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The resulting electrical power profile is shown in Figure 2.2-1 for the continuous
science load (X-ray analysis cycle, megnetometer and gravimeter) and is equivalent
to & S0W continuous load. The electrical power profile for the additional
intermittent science load at each routine science stop 1s shown in Figure 2.2-2
and 2.2-3 and is equivalent to an additionel 33.7 watts. The profile is the
same for major science stops except that the sample arm and facsimile camera are
operated 6 min. longer for a more careful scrutiny of semples.
The terrain types from Table 2.2-5 are distributed as follows:

Smooth mare 25%

Rough mare 25%

Hummocky upland 20%

Rough upland 15%

Large craters 15%
This distribution plus the reduction in velocity due to sun angle (see Table 2.,1-1)
was used to determine a welghted veloclty of 1.1 km/hr for the entire year. From
the science operations, otherconstraints, and average driving speed of 1,1 km/hr,

the times required to accomplish the mission were derived and are shown below:

TABLE 2,2-7 UNMANNED REFERENCE MISSION SUMMARY

1 year 8760 hr
Less Unusable Time

12 Lunar Nights Lok8

Poor Lighting 482 L4730
Available for Operations 4030
Less time at Major Sites (21 sites at 50 hr, each) 1050
Aveileble for 1000 km Traverse Operations v 2980
Less Driving: 1155 km at 1.1 km/hr 1050
Less Science;

- 30 min, stops, every % km (2000 stops) 1000

- 3 min, stops every 12 min, driving 263 eans
Surplus time 667 hr

PRSP

The surplus time of 667 hr, is the meximum alloweble for battery recharge or
possible thermal cool-down stops.
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2.2.3 Prelaunch Operations
The KSC prelaunch checkout phase completes the DLRV flight article test program.

This phase of the test program includes the verification of the complete flight
system (DIRV with the ground station) and the final launch pad activities.

The KSC prelaunch activities include system level checkout in the MSOB utilizing
the MCC located at MSC and final stowage of sclentific equipment, prior to SIA

mate. The launch pad activities include calibration of scientific equipment
approximately three (3) weeks prior to launch, battery installation seventy two (72)
hours prior to launch and RTG installation twenty four (24) hours prior to launch.
With the exception of verlifying bus voltage at the time of battery and RTG
installetion, the DIRV system will not be monitored from SIA mate to launch.

Figure 2.2-U4 shows the complete DLRV prelaunch flow timeline. A more detailed

description of the prelaunch checkout activities may be found in the Test Plan
contained in Volume VIII, Book I.

2.2.3.1 Final Checkout (T-15.5 weeks)

The DLRV is installed on its checkout stand in the MSOB., A mission simulation
utilizing the Mission Control Center (Mcc) is then performed., At the completion
of this simulation, the DLRV is mated with 1ts spacecraft and the deployment

mechanism is checked.

2.2.3.2 SLA Mate (T-13 weeks)
The DLRV with its spacecraft is mated with the SLA, After the SLA work platforms
are installed, & fit check of DLRV flight batteries and the RIG is made. Mock-ups

are used for the fit checks.

2.2,.3.3 Launch Complex Operations (T-11 weeks)

The SLA/Spacecraft/DIRV is transported to the VAB where it is stacked on the

booster.

2,2.3.4 Launch Pad (T-10 weeks)

After transporting the complete space vehicle to the pad, a series of launch
vehicle and spacecraft checks are performed, The DIRV does not participate in
this testing.

Significant events for the DLRV at the launch pad include:

II/I.2-18




WORK WEEKS PRIOR TO LAUNCH
5 0

15

10

SYSTEM C/O

PAD <

RECEIVING INSPECTION

S/C MATE AND DEPLOYMENT CHECK

SLA MATE

VAB

*NOTE:

PACED BY BOOSTER
ACTIVITIES.

EXP CALIB

BATTERY INST

THE PRELAUNCH ACTIVITIES FROM
SLA MATE THROUGH LAUNCH 1S

AND LM

S/C - LAUNCH VEHICLE C/O

7/ CDDT PREP AND CDDT

RTG INST

FIG. 2.2-4 PRELAUNCH FLOW TIMELINE

II/T.2-19



o Final Scientific Equipment Calibration (T-3 weeks)
Experiment equipment located on the science module that
requires calibration prior to launch is calibrated during this period.
Calibrations are expected for the accelerometers, gravimeter, magne-
tometer, alignment of X-ray device, and light level of the facsimile
camera. The magnetometer sensor should not be exposed to fields
greater than 25 gauss either before or after calibration. Specific
requirements and procedures are still to be determined.

o Flight Battery Installation (T-72 hours)
At the beginning of the space vehicle countdown, the DLRV flight
batteries are installed. After the mechanical installation and the
electrical connection is made, the flight connection is verified by
reading out bus voltage. Battery temperature is monitored until
SLA closeout at T-10 hours

o RTG Installation (T-2L4 hours)
The RTG is the last piece of equipment to be installed on the DLRV.
After the mechanical installation and the electrical connection is
made, the flight connection is verified by reading out bus voltage
2.3 DESIGN MISSIONS
Some subsystems and/or components are dependent not only on time durations but
on the sequence in which functions are performed. The missions and objectives
are then considered in combination with some prior knowledge of the subsystem
components to derive appropriate requirements for subsystem design. Maximum
growth and flexibility are obviously desired but must be compromised for
"~ practicality,
The critical subsystems/components usually involve expendables and/or heat
transfer. For the case of the DIRV the principal functions considered are:
o Electrical power
o Temperature control
2.3.1 Electrical Power

Battery energy and load, solar cell array size, and RTG size are the parameters

affected by the mission., The Reference Missions of Subsections 2.1 and 2.2 include
the range, radius, time and science requirements of the SOW and are considered
applicable without further modification. One deviation is the minimum time
between manned sorties which has been increased from 3 hours in the SOW (Annex A)

to 8 hours as per discussion with MSFC at the L4th Monthly Progress Report.
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2.3.2 Temperature Control

Except for batteries and traction motors, the Reference Missions, at the worst
sun angles, ave epplicable. Battery and traction motor heat outputs, however,
are related to wheel power, i.e., sustained slope climbing. The criteria given
by MSFC for the IRV were:

o Climb a 6° slope at 10 km/hr for 15 km

o Climb a 25° slope at any speed for 0.5 km
The DLRV should have comparable capability and therefore the above are incorporated
in the menned thermal design mission timeline, Table 2.3-1. The manned case is
considered more power-criticel than the urmmanned case where all speeds are less
then 2 km/hr,

The unmanned case, however, is more critical from a time duration viewpoint since
thermsl surfaces may be covered while driving and also may be degraded by dust and
repetitive cleaning., If heat storage devices are used, they would be sensitive

to equipment duty cycles. The most criticel perameter is sustained driving time
between science stops. Equipment loads, and therefore thermal cooling require-
ments, are higher when driving then during the stopped science operations.
Considering the lowest driving speed to be % km/hr between science stops which are
L xm apart, the longest drive time is one El) hour. Science stop time is & hr,
This drive/stop time cycle should be sustainable during a 100-km traverse or for
200 cycles through worst solar lighting conditions.

2.4 METEOROIDS AND RADIATION

2.h.1 Micrometeoroids
Since the DLRV is essentislly shielded by the FIM delivery vehicle during the

translunar trip, the only concern 1s for the long duration, one-year, stay on

the lunar surface.

Mechanical structure is inherently invulnerable to damage. Electronic parts

and solar cells, however, require considerstion, Using the data of Annex C of
the Statement of Work, and the top and side areas of a1l electronic compartments,
a required aluminum thickness of 0.02 in . is calculated for & 0.95 probability
of no penetration., The secondary perticles in this case are of greater concern
than the primary particles. In general, the electronic packeging should be more
than adequate to rule out any concern over survival of the electronics.
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TABLE 2.3-1 THERMAL DESIGN MISSION TIMELINE - MANNED

SPEED DIST PHASE

PHASE TERRAIN km/hr km TIME

min.
Drive Out up a 6° slope ' Smooth Upland 10 15 90
Science Stop at Rim | =eemceccan-- 0 0] 20
Descend Crater Wall, 25° slope Rough Upland 2 0.5 15
Science Stop at Floor @ = | ==cccccc-ca 0] o) 5
Ascend Crater Wall, 25° slope Rough Upland 2 0.5 15
Explore Along Crater Rim Rough Upland Y 2.0 30
Science Stop at Rim @ | ~ecccccccc-- 0 0 20
Drive Back Smooth Upland 15 8 30
TOTAL 24 225

N
~N)
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The solar penels present an area of approximately Ll £t2 but little area is
projected to the secondary particle source, the greater concern., Additionally,
the parallel-serles connections of the solar cells will cause almost negligible
power loss in the event of cell disablement,

In summary, particle penetration is unlikely, but even if penetration occurs,

mission success will not be seriously impaired.

2.h.,2 Radiation
The effects of natural radlation on the crew and scientific equipment have not
been considered. It is assumed that both crew and equipment protection forthis

given environment will have been resolved by prior NASA direction.

Except for solar cells and certain semiconductors, the DLRV is unaffected by
radiation enviromment, natural, or induced by the installation of a radioisotope
thermoelectric generator. Mechanical parts are intringically hard. Allowance
for solar cell degradation has been made in the design of the solar array. Most
electronic parts are not affected., Sensitive electromic parts are shielded,
(usually by adjacent components) derated or preselected as discussed under Parts
Environmental Requirements of Reliability, Section L.5,Radiation presents

no problem to the vehicle or crew operations.

The effect on the scientific equipment is discussed in Book I of Volume IV,
Scientific Equipment Interface Design.
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3.1.1.1 Delivery Vehicle Payload Arrangement

Annex A of the work statement defined the available locations for stowage of the
DLRV in the Extended IM as being quadrants I and IV of the descent stage including
some negotiable volume external to the descent stage. However, before the DLRV
Study Contract was initiated, it became apparent that any near-term IM derivative
vehicle would not have two open quadrants available,

Several EIM payload arrangements, as summarized in Figure 3.1-1 were studied.
These were compared on the basis of their effect on DLRV chassis planform, avail-
able equipment volume, and deployment complexity.

Figure 3.1-la shows an arrangement that could be used if both quads were available
as per Annex A. It causes the least interface problems with the EIM RCS, and
provides 47 sq., ft. of platform area and 25 cu. ft. of equipment/science volume.
If only one gquadrant is open for payload use, an arrangement in which the total
DLRV is stowed as a unit, such as shown in Figure 3.1-1b might be used. A study
of this arrangement showed that its advantage of joined-up deployment is more than
offset by a 40% reduction in available equipment and science volume, and a require-
ment for more manual set-up at deployment.

If no internal volume is available, the vehicle can be carried externally as shown
in Figure 3.1-lc. . This arrangement allows easier deployment, but affords less
equipment/science volume, and the neccessarily shallow shape will make equipment
integration difficult,

This recommended arrangement is shown in Figure 3,1-1d. The forward two modules
are stowed internally in Quad I as originally proposed, and the third module is
carried external to Quad IV. This arrangement retains nearly as much equipment/
science volume as the two quad internal one, but is moderately degraded in shape
factor due to the shallow payload volume. DLRV growth of the 3rd module is
compatible with the potential availability of portions of Quad IV, a result of

subsequent IM modifications.

3.1.1.2 Delivery Vehicle Payload Envelope

Annex A of the work statement and subsequent modifications have defined EIM payload
volumes which are usable for DLRV stowage. The protrusion of the envelope beyond
the descent stage under the RCS thrusters has been limited to a line representing
the projection of the surface of the IM plume deflector. With this limitation no

serious thermal impact on the DLRV equipment or adverse effects on the IM attitude

control will occur. In the absence of high angle plume impingement, thermal
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l SECTION 3
} SYSTEM DESIGN
|

Thig section deals with the design of the overall vehicle, It consists of two
mein subsections. The first of these, "Configuration Design Rationale", discusses
the requirements end underlying reasons for the selection of the design. The
second subsection, "Selected Configuration”, glves details such as stowed and
deployed arrangements, mass properties, and schematic diagrams for the selected
design.

3.1 CONFIGURATION DESIGN RATTONALE

The objective of the DLRV configuration study was to arrive at & design which

best satisfied the manned and unmanned mission reduirements. Both this and
earlier studies indicated that the configuration best suited for the lunar mission
would be the one with the largest planform and wheel diemeter; a major configuration
guideline was, therefore, to deploy wheels of the }argest stoweble diameter to

a vehicle geometry having the largest practical wheelbase and tread., Emphasis

| in the area of crew integration was also important in the design philosophy. '
Minimizing the astroneut's time required for deployment and operational readiness
stressed the importance of utilizing EVA time for the scientific mission
objectives. Also, since the primery purpose of the DIRV will be lunar exploratlion
through the accumulation of date from a large number of locations, the requlire~

ments of the science components played a major role in configuring the vehicle.

3.1.1 Delivery Vehicle Accomodation
A dominant conmstreint on the DLRV configuration 1is caused by the delivery

vehicle. The wheel size, chassis shape and size, and equipment location are

all critically limited by the stowage envelopes available on the IM derivative
lunar lander.  The method of deployment from these stowage envelopes also greatly

affects vehicle configuration.
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shielding weight is minimized. In addition, an 18 inch clearance between the
payload envelope and the SIA has been maintained for easy access to pad-installed
or replaceable components. The volume that was cut off from the external portion
of Quad IV in Annex A has been assumed usable, since the E IM solar array installa-
tion that required that space has been eliminated. Definition of this assumed

working payload envelope is shown in Figure 3.1-2.

3.1.1.3 Battery and RTG Loading

The DLRV batteries and RTG require installation late in the launch countdown.
Therefore they must be in a location on the stowed DLRV where the launch crew can
make the installation while within the SLA and out on the launch pad. The install-
ation must be accomplished quickly and easily because of time constraints and
limited working conditions.

During installation the two batteries are fastened to a supporting cold plate

and electrically connected. Since they are located in a thermally controlled area,

a radiator panel must be installed following battery installation.

The Snap-19 RTG is fueled at manufacture. Because of its continuous heat output,
it should be installed last. Special handling equipment will be required to move
it within the SIA to the DLRV. After installation, thermal control, similar to
that used with the Snap-27 fuel cask on the IM, must be used until launch.

3.1.1.4 Science Accessibility

For mission flexibility, the DLRV design provides the possibility of making changes
in the science complement at any time between missions, including the four to six
months after staging. When staged, the confinement of the stowed DLRV by the
spacecraft and the SIA prevents removal., Therefore, the science equipment was
located on the stowed configuration such that adjustments, replacements, or

substitutions may be accomplished while in the stack.

3.1.1.5 Other Delivery Vehicles

If, in the future, some other delivery vehicle is available for the DLRV, advantage
should be taken of the relief of IM imposed constraints. In simplest form, this
will result in a DLRV configuration having considerable variation in equipment/

science arrangement while retaining the basic mobility subsystem.
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3.1.2 Mobility Requirements

3.1.2.1 Mobility Characteristics

Although a number of steering methods were considered, only the articulated and
Ackermann systems remained candidates in the final evaluation. Figure 3.1-3

shows sketches of the two arrangements for equal inside turning radii. The major
difference affecting the overall configuration between the two steering systems

is in the stowage complexity, for which the articulated system has the advantage.
A penalty that is generally associated with the articulated system is a loss in
platform area to provide for steering clearance. However, no such penalty occurs
with the extendable drawbar design shown, since the clearance between modules

is required for stowage; the drawbar extension provides for large wheelbase in the
operational condition, but the front two modules slide together for stowage. An
evaluation of the two steering candidates, reported in Section 5.3, led to the
selection of the articulated system for use on DLRV.

Vehicle turning stability is another important consideration. The potentially
serious consequences of overturning, combined with the unlimited combinations of
slope and surface roughness, the difficulty in judging inclination without
references, and the instinctive reaction of a driver to swerve to avoid obstacles,
dictates a low c.g. and a large tread and wheelbase for maximum turning stability.
The basic requirement is for a minimum static stability angle of 45°; but, further
stability about the roll axis is desirable if it can be achieved with little
weight penalty, because overturning would still be possible within the normal
operating range of the vehicle in the low gravity lunar environment (see Section
4.2.4)., Figure 3.1-4 shows the minimum stable turn radius as a function of
vehicle tread,

A further advantage of a large tread and wheelbase is improved ride quality, due
to reduced roll and pitch accelerations. Roll acceleration trends, which are

considered the more critical ride quality parameter, are also shown 1. Figure 3.1-L4,

Large wheels provide a number of bencfits to mobility performance: They make
possible a large footprint which lowers rolling resistance and increases drawbar
pull and locomotion efficiency; they enhance obstacle negotiation capability,
particularly for crevasse crossing; and finally, the result in increased ground
clearance. A primary objective was, therefore, to utilize the largest wheels

that could be stowed in the available IM envelope.
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3.1.2.2 Best Mobility Geometry Vehicle

Utilization of the above design objectives for mobility led to the configuration

having the most favorable vehicle geometry that could be contained in the available
stowage volume., Figure 3.1-5 shows the mobility geometry and available platform
area and equipment volume of the selected design. The vehicle has a large 114"
tread, 96" wheelbase, and 38" diameter wheels. It meets or exceeds the turn
radius, ground clearance and obstacle and crevasse crossing requirements. The L45°
static roll stability requirement is greatly exceeded for any realistic c.g. height.
The intermodular drawbar has high torsional flexibility to allow the individual
wheels to follow the ground contour with little restraint, thereby retaining
maximum traction even on irregular terrain,

The large platform area is achieved at the expense of little weight. A swing arm
suspension naturally provides a wide tread, and a light-weight extendable drawbar
is used to achieve a large wheelbase,

The vehicle geometry shown was used as the basis for the detailed crew/equipment/
science integration studies that led to the selection of a DLRV configuration

design.

3.1.3 Science Accommodation

The location of the science equipment plays an important role in its proper
operation., A variety of requirements, such as accessibility, deployability,
moveability, and stowability, exist for the equipment. In addition, interaction
of some science equipment with elements of DLRV subsystems is an important
consideration., The three categories of science equipment - vehicle mounted remote
science, manned science, and remote deployable science - have differing require-
ments.

The vehicle mounted remote science must be stowable on the DLEV during delivery
to the lunar surface. The sample acquisition device requires ready access to

the lunar surface, in view of the TV camera. The sampler arm, sample stowage
container  facsimile camera, and X-ray diffractometer spectrometer are inter-
dependent, and must be located near each other in a relationship that allows
proper operation., The locations of the magnetometer and gravimeter must allow
the deployment and return to the vehicle needed for their operation.

The manned science eQuipment should be accessible to the astronaut, with the most
used items being wlithin easiest reach, Since the mamnned science is loaded onto
the DIRV after deployment, it should be located to facilitate this task.
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3.1.6 Arrangement Alternatives
Although the DLRV must be a six-wheeled vehicle in order to meet the unmanned

mobility requirements, a four- wheeled vehicle is adequate for manned sorties,
where the obstacle negotiation requirements are less stringent and there is no
need for automated science. A substantial power savings results from using
a manned 4 x L instead of a 6 x 6, and it is the manned mission that sizes the
power system. In order to retain manned 4 x 4 capability, all equipment required
for manned operation (including manned science) must be placed on two modules,
with the remaining automated science placed on the third module. This approach
was examined early in the study and found to be quite feasible with little or no
jdentifiable penalty. A number of alternatives exist when adding the 2 x 2 module
containing the science to convert from manned L x 4 to unmanned 6 x 6 operation:
o The science module can be added to the rear of the 4 x L vehicle as
a trailer
o The science module can be placed in front of the 4 x L to become
the lead module
o The science module can be placed in the rear of the 4 x L but
the forward direction can be reversed for unmanned operation

to allow the science module to lead

Some of the arrangements that have been considered are shown in Figure 3.1-6.
These are all stowable in the selected two—quad stowage arrangement. All
have sufficient volume for the equipment and science, with adequate thermal

control area and growth capability. All can be operated as a manned b x L,
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The remote deployable science is also loaded on the DLRV after deployment. It
requires a location allowing both easy manual loading and remotely controlled

off-loading.

3.1.4 Crew Accommodation

The manned portion of the DLRV mission imposes certain constraints on the vehicle
configuration. To be effective, the driver must be located where he has good
forward visibility and can see the surface immediately ahead of the front wheels.
Also, his position must afford easy ingress/egress within the restrictions imposed
by the pressurized suit. Safety considerations require that the driver location

be out of the path of debris thrown by the wheels.

Because the weight of an astronaut is a large portion of the vehicle gross weight,
the emergency passenger station should be located where it will not severly
unbalance the vehicle. If a degraded mode of operation is assumed for the unlikely
rescue condition, a favorable weight distribution will eliminate the need for

adding strength to the basic mobility system.

3.1.5 Subsystem Equipment Requirements

Many subsystem components have a great effect on configuration because of their

operational requirements:

o Antennae must be located as high as possible. In addition, the
S-Band steerable antenna cannot be obscured at low elevation
angles.

o The TV camera has a position requirement that must satisfy
driving, navigation, and science monitoring.

o The solar sensor does not function if shadowed.

o The RTG accessibility requirements during stowage have already
been noted. Additionally, the RTG must be able to radiate its
heat to space to avoid overheating neighboring components.

o The solar array must be located where it can operate through-
out its tilt range, without antenna and camera viewing problems.

o Equipment items must be arranged in the equipment bays to
provide a good thermal balance. Heat loads must be within the

capabilities of the radiation areas available on each module.
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The simplest of these arrangements is the one in which the science module is
added as a trailerj but, this approach is least desirable from the science
viewpoint, because of the restricted access of the sampler arm. Either of the
arrangements that have the science module leading in the unmanned mode permit
relatively independent optimization for the manned and unmanned missions. The
leading science module provides the sampler with unrestricted access to virgin
soll, and the TV is in a favorable position for viewing sampler operation. The
only significant disadvantage is that either the steering actuator must be moved
from one joint to another during conversion to unmanned operation, or a second
actuator must be provided. The movable actuator approach costs less weight with
little demand on the astronaut's time; it is, therefore, the best choice for the
critically weight-limited DLRV.

Comparison of the two leading-science-module versions shows that the double-ended
vehicle has least difficulty in providing adequate solar array clearance,
convenient RGM deployment, and a favorable weight distribution. Because of these

advantages the "double-ender” was selected for the DLRV configuration.

3.2 SELECTED CONFIGURATION

After selecting the basic vehicle configuration and stowage arrangement, emphasis
was shifted to optimization and further development of the selected design. These
studies resulted in a more detailed definition of the manned, unmanned, and stowed
configurations, and the associated mass properties and equipment integration
diagrams.

A self-contained description of the selected configuration is given in this section.

3.2.1 General Arrangements

3.2.1.1 Manned Mode

For the manned mode the DLRV is a four-wheel two-module vehicle having the general
arrangement shown in Figure 3.2-1. It has a large planform - 110-in. tread by
9%-in. wheelbase - and large 38-in.-diameter cone wheels with 11.6-in. grousers.
The suspension is swing arm, which produces the large tread at little expense

and provides scuff damping to control the ride. The suspension has two positions:
a low one, as shown, for the manned mode to provide high stability, and a higher
one for the unmanned mode, for maximum obstacle negotiation capability.

Steering is by chassis articulation, using é rotary actuator to power the steering

joint. A telescoping drawbar connects the two modules, providing a large wheelbase
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for operation and a small one for stowage. The drawbar also provides high
torsional flexibility between modules, resulting in more uniform wheel-ground
contact pressures for better traction in uneven terrain.

The forward module is called the "Control Module". It contains the crew station,
control electronics, part of the communications system, and the manned science.
Most of the electronics is contained in a thermally controlled equipment compart-
ment located behind the driver. An emergency passenger station can be erected
behind this compartment to carry an astronaut in a cantilever sling arrangement.
Mounted on top of the equipment compartment is the S-band steerable antenna, the
ranger-tracker (which is used with the survey staff), the solar sensor for the
navigation system, and the omni-antenna,

The driver sits in the center of the Control Module where he has unrestricted
forward visibility. The instrument panel and hand controller are on his right,
while the geology tools and survey staff are on his left., His protruding legs
are protected by the support structure, which is designed to withstand impact or
to ride over a smaller obstacle that might inadvertently be encountered.

The rear module of the four-wheeled vehicle is the "Power Module". It contains
the SNAP-19 RTG, the batteries, the EPS, and the heavier and more power consuming
portions of the communications system., The latter were located on the power
module to provide a more favorable mass and thermal balance. The equipment is
housed in a thermally controlled compartment with a protective dust covering and

cleaning mechanism.

3.2.1.2 Unmanned Mode

For the unmanned or remotely operated mode, a two-wheeled "Science Module" is

added to the four-wheeled vehicle. The general arrangement is shown in

Figure 3.2-2, The DLRV is a double-ended vehicle, in that the forward direction
for the unmanned mode is opposite to that of the manned. This enables more
indepedent optimization for the two missions: manned requirements governing

for the manned mission and science requirements for the unmanned.

With the Science Module leading, the sampler arm has ready access to virgin soil,
The facsimile camera and the TV camera both have unrestricted forward visibility,
with the capability of serving as back-up for each other. The sample stowage
container is within easy reach of the sampler arm and the view of the facsimile.

camera.

[
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The more sophisticated umnmanned gyro navigation system is located on the science
module for ease of alignment with the TV camera. (The solar sensor used for the
manned mission serves as a backup for the unmanned.) The TV camera, being on
the Science Module always points in the direction the vehicle is moving, an
advantage which derives from the articulated steering system. The steering
actuator has been moved from its manned position between the Power and Control
modules to the unmanned position between the Power and Science modules.

The two-position suspension on the Control and Power Modules has been raised to
the high position for unmanned operation, providing the required 35° break angle
with a ground clearance of 34 inches. The instrument console for the driver
station has been returned to the stowed position in the center of the module, and
the solar array has been erected above the crew station. Two of the automated
science experiments, the magnetometer and the RGM, are located on the Control
module to allow for easier deployment behind the vehicle. All the manned

science has been removed for the unmanned mode.

3.2.1.3 Stowed Condition
The DLRV is stowed in two Quads of the Extended IM for delivery to the lunar

surface. The arrangement is shown in Figure 3.2-3. The Control and Power Modules
lie within Quad I, while the Science Module is stowed in a "saddle bag" fashion
outside Quad IV. These two Quandrants are on the front or window side of the ELM,
Deployment may take place in view of the astronauts before they go EVA., All
modules are held close enough to the IM that they are not exposed to direct

plume impingement from the RCS; thus, only limited lightweight thermal protection
is required.

With the two-Quad stowage arrangement the L-wheeled vehicle that is deployed from
Quad I is the one required for the initial manned sorties. The Science Module
used for the unmanned mission can be conveniently added when needed.

Figures 3.2-4 and 3.2-5 show the stowed configuration in more detail. The Control
Module is seen to be closest to the EIM in Quad I. The crew station and the mast
and equipment supports stow forward of the main equipment compartment between the
wheels. The vehicle is folded at the steering pivot behind the equipment compart-
ment so that the Power Module faces outward. This permits ready access for
installation of the batteries, RTG, and radiators after staging.

The Science Module also faces outward, allowing access to the remote science and

TV camera. The solar array and other movable equipment are stowed on the stoware
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and deployment rack that supports the &cienceb&odule; In the later delivery
vehicles Quad IV will contain less equipment, permitting the available stowage
volume behind the Science Module to grow naturally into the Quad.

The tiedown arrangement and supporting structure for both Quads are quite
similar. The differences lie in 1) the use of the deployment and support rack
in Quad IV, taking the place of the Control Module, to help sustain delivery
loads and to allow sufficient lifting of the Science Module during deployment

to clear an adverse ground line, and 2) the use of a deployment yoke assembly

to support the Control Module and allow the translation needed during deployment
for the trailing wheels to clear the EIM landing gear.

In both Quadrants, the wheels penetrate the EIM payload envelope (Refer to
Figure 3.1-2) at the upper corners, as noted on the drawings. However, the high
location of these protrusions is such that they will not obstruct access to or

by the DLRV payload while in the stack.,

3.2.2 Mass Properties
Tables 3.2-1 through 3.2-4 contain the mass properties of the DLRV for earth

launch and lunar roving conditions, The earth launch weight of the DLRV
including its tiedown and unloading equipment is 641.1 1b, The DIRV including
the manned (100 1b ) and unmanned science (250 1b.) will be 991.1 1b at earth
launch. The weight history for the DLRV design weight of 650 1b is as follows:

Manned Mode

Weight - 1b
o Earth Launch Design Weight 650
Minus - Science Module -124
Tiedown and Unloading - 28
Solar Array and Support - 33
Plus - Manned Science +1.00
Astronaut +400
1/2 Samples + 35
o Mid-Traverse ‘ 1000
Plus - Remaining Samples + 35
o End Nominal Traverse 1035
Plus - Rescued Astronaut +400
o
Laden/Rescue Unmanned Mode 1435
Minus - Rescued Astronaut -L00
Manned Samples - 70
Astronaut -400
Manned Science -100

II/I.3-29

e —




Plus - Solar Array and Support + 33

Science Module (Less Science) +124
Unmanned Science +250

o Begin Traverse 872
Plus - Samples (1/2) +100

o Mid Traverse 972
Plus - Samples (1/2) +100
Minus - RGM - 75

o End Traverse 997

The roving mass properties and wheel loadings for the above conditions are given
in Table 3.2-2., The coordinate system is defined in Figure 3.2-6. The science
and power modules are locked in pitch during the unmanned mode. The mass
properties of the sprung mass (module less wheels, drives and suspension) of each
module are given in Table 3.2-3, The scientific equipment loadings vary
significantly during the mission, particularly during the transition between the
manned and unmanned modes. Care has been taken in the placement of these equip-
ments so that the resultant wheel loading variations are minimized during the
mission.

The weights of the components in Table 3.2-1 are representative of the latest
state of the art designs. There is a high degree of confidence in these estimates
but, historically, past aircraft and spacecraft programs have shown that weight
growth can be expected after the preliminary design phase, and 8.9 1b has

been reserved for growth, If necessary, weight growth can be offset by taking
additional weight reductions. For example, a reduction in the current design "g"
loading from 5.5 to 4 g would yield a 13-1b weight reduction., Other reductions
are possible if necessary by reducing wheel and/or vehicle size.(See Section 7.)

Mass properties of the stowed DLRV are shown in Table 3.2-k,

TABLE 3.2-4 - STOWED DLRV MASS PROPERTIES

WEIGHT | CENTER OF GRAVITY - in,
LOCATION 1b. (EIM COORDINATES)
’ X Y Z
Quad I - Control and Power Modules L83 170.0 -55.2 +55,2
Quad IV - Science Module and Solar Array 302% 165.4 +1.5 1.5

¥ Tncludes 135 1b of installed science
The stowed DLRV Y and Z coordinates vary from those used to define the payload
distribution envelope in Annex A of the Statement of Work. The payload distribution
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chart shown in Annex A would therefore not be directly applicable. However, for
an assumed EIM touchdown weight of 17,000 1b and a center of gravity as given
in Annex A, the resultant c.g. of the EIM based on the DLRV'S mass properties

is within the 1° c.g. boundary.

3.2.3 Equipment Integration

The Level 1 schematic diagram is shown in Figure 3.2.-7. Since the manned
vehicle is a 4 x 4 consisting of the Control and Power Modules, left and

center portions of the figure are used both manned and unmanned. The Science
Module, in the right-hand portion of the figure, is only required in the
unmanned mode. The mobility subsystem (also called the control subsystem in
Volume III) extends to all three modules. The mobility electronics assembly

is located in the control module for thermal reasons.

The relationship between vehicle systems and ground support functions is shown
in Figure 3.2-8. Typically the remote driving function is accomplished on the
ground using data transmitted from the rover including the TV image and angles,
(the Facsimile camera is a backup), vehicle steering angle, drive motor currents
and speeds, and various subsystem parameters. Other inputs to the driver are
ground-computed navigation parameters, hazard parameters and vehicle status
parsmeters. The function is completed by uplink commands for throttle
steering and brakes.

The hardware tree for the vehicle is shown in Figure 3.2-9. The breakdown is

consistent with the Work Breakdown Structure received from MSFC,
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SECTION 4

SYSTEMS ANALYSIS

4,1 MOBILITY

4,1.1 Locomotion Performance

4.1.1.1 Rolling Resistance

Total wheel drag R that must be overcome by the wheel motors consists of
three components:

0 Rolling resistance RZ due to soil compaction and sinkage z

o Parasitic losses Rp due to wheel flexure and cleat/soil scuffing

0 The gravity component Rg when climbing a slope
Hence: R = RZ + Rp + Rg

The latter component, Rg, is equal to Wsinot where W is wheel loading and of is
slope angle, Rp is proportional to wheel loading and could be expressed as aqw,
where q is generally equal to a few percent. As to the soil compaction resistance,
Rz’ it can be shown that

n+l
R = bp,

(n+1)k

or

5
R _ bpe for n =1 (1)
2k

where b is wheel width, P is effective footprint pressure, k is soil sinkage modulus
and n is the power of the p/z relations, with n = 1 indicating a linear relation.

A one-g version of a 42" flexible cone wheel was tested at Stevens Institute and the
results are reported in Reference 1. A 1/6-g,38"-diameter wheel was tested at
Grummen's Peconic facility at various loadings and with two types of cleats. The
latter wheel simulates the actual DLRV wheel design.

The results of the one-g wheel tests are given in Table L.1-1. The 330-1b wheel
loading provides a wheel deflection comparable to that of the l/6—g wheel at 55 1b.
The tests on hard ground show a parasitic loss, RP’ of 3.8% wheel loading., The

II/T.h-1



TABLE 4.1-1

TESTS OF lg FLEXIBLE WHEEL AT STEVENS INSTITUTE

Rubber Padded Rectangular Cleats
Wheel Loading of 330 1lb

Wheel Diameter 42 inches

Cleat Length 10 inches = b

k, psi/in

Towing force, lb.,
of 6 runs

Wheel sinkage, in,
of 6 runs

Measured footprint

Footpring pressure
measured area, psi

Rolling Resistance,

average

average

area, sq. in,

using

Rz, 1b

Effective foot{)rint pressure,

P, = (2k R, /b)z

Effective area ratio, p/pe

Hard Surface Fifm Soil Soft Soil
9+ 3% LM
12.4 30.3 56.2
2.8 2.1 3.7
153 2u6
2.16 1.34
12.4 17.9 - 43.8
5.68 ‘ 3.62
.38 37
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test wheel had rubber padded cleats, however, and the parasitic losses would
be less for the rigid cleated DLRV wheel. The effective footprint pressures
were calculated in Table 4.1-1 and indicate that about 37% of the measured area
is effective in carrying the wheel load. The measured areas were calculated using
full footprint lengths, i.e., assuming full bridging between cleats.
Two versions of the 1/6-g,38"-diameter wheel were tested by GAC, one with 7"
rectangular wood cleats and the other with 11 5/8" extruded angle cleats. The
deflection characteristics and graphical footprint length of the wheel are
shown in Figure 4.1-1. The test apparatus consisted of a single wheel canted
at 15O and connected to a frictionless pivot by means of a 12-ft rigid member,
as shown in Fig. 4.1-2., The wheel was revolved around the pivot by pulling by
hand at a point near the hub. A dynamometer and a recorder capable of measuring
the turning force to the nearest 1/4 1b was used. The test was performed on
asphalt and soft sand. A roto-tiller was used to losen the sand before each
pass. Cone indéx readings of the uncompacted sand gave a penetration gradient,
G, of 1 to 2 psi/in for the top 4". It is permissible to assume that at these low
vabies , the G parameter is nearly equal to the soil sinkage modulus k. Additional
measurements of soil constants included the angle of internal friction,gﬁ, by
means of a "Sheargraph" and the cohesion, ¢, by means of a "Torvane", Values of
¢ = 350 and ¢ = 0,13 psi were measured.
The 1/6-g wheel test results are plotted in Figure 4.1-3. The parasitic loss
with the 7" cleats is 2.1% of wheel loading which is appreciably lower than the
3.8% measured for the one-g wheel,
The estimated values for the 11 5/8" cleat and k = 1.5 are also compared in
Figure 4.1-3. These estimates were made using the following procedures:

1. The graphical footprint lengths were determined from Figure L.1-1

2. The effective areas were calculated using the above lengths, the
cleat length of 11 5/8, and the effective area ratio of .37
determined from the Stevens tests

3. The effective footprint pressure, Pgs and the soil pressure,
p=kz are plotted in Fig. 4.1-4. Curves intersect at the
equilibirum point. Equilibrium pressures are tabulated below
for k = 1,5

IT/I.4-3
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FIG. 4.1-2 TEST APPARATUS FOR ROLLING RESISTANCE
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WHEEL PRESSURE, p, PSI
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FIG. 4.1-4 ESTIMATED WHEEL PRESSURES VS SINKAGE
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W Pe

1b Psi

27.5 0.70
2.0 0.97
82.5 1,22

. Rolling resistance was calculated from equation (1) using the
equilibrium pressures. A parasitic loss of 2.1% was added.

Tt is seen in Figure L4.1-3 that the estimatedresistance value is about 80% of the
test value. This is attributed to non-optimum cleat spacing and cleat deflections
on the test wheel. It is assumed that the estimate for k = 1.5 is representative
of the rolling resistance for all lunar terrain since (1) cleat design will be
refined and (2) the reduction in rolling resistance of the tracking wheels has been
neglected. Grumman tests of the 38') 1/6-g wheel with the 7" cleats (k=1-2) showed
s reduction in average resistance to 92% for 2 passes and 87% for 3 passes. Wheel
loading, however, was high, 110 1lb. Comparable results were obtained from the
Steven's tests in soft soil (k=1 to 2) where the average resistance was reduced
to 85% for 2 passes.
In order to evaluate reguired torque for wheel drive motors, it is necessary to
determine wheel loading for both level and sloping terrain. The results of these
computations are shown in Table 4.1-2 for representative urmanned and manned loadings.
The total resistance due to the rolling resistance, Rz, and the parasitic losses,
RP’ were taken from Figure 4,1-3 using the estimated curve for k=1.5. Required
torques vs slope are plotted in Figure 4,1-5, The average level traverse
torque required is 3.9 ft-1b per wheel for unmanned operation and 5.6 ft-1lb per
wheel for manned operation. These were rounded off conservatively to 4.0 and 6.0

ft-1b  respectively for all calculations of level traverse performance.

4,1.1.2 Slope Climbing

The slope-climbing ability of a vehicle and its power consumption on level
terrain and on slopes depend on a complex interaction of soil and wheel
properties including sinkage and slip. While analytical estimates are possible,
they must ultimately be verified or supplemented by full-scale field tests. The
pull coefficient, or ratio of draw bar pull to wheel normal load (B/W), is
essentially equal to the tangent of the slope that the vehicle can climb.

The actual climbable slope will be somewhat less than this value due to such

factors as redistribution of wheel loading and reductions of soil bearing

II/1.4-8
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strength due to the slope angle.
Two reasons contributed to the selection of wide cleats for the DLRV wheels.
One reason was to take advantage of the cohesive nature of lunar soils, and the
relatively large contribution of soil cohesion to the total tractive effort in a
1/6-g field. This factor argues for a large footprint, hence, for a wide cleat,
The selected size,1l 5/8 inches, is the largest that can be accommodated. The
other reason for selecting the wide cleat was to reduce footprint pressure
and, hence, rolling resistance, as shown by test data in Figure U4.1-3.
Soil bin tests involving a single prototype wheel are very useful as they
permit a better control of the soil and wheel parameters. DLRV type wheels
have been tested at Stevens Institute (Reference 1), as previously mentioned, and
at Waterways Experiment Station (WES) (Reference 2). Both wheels were 42"
diameter. A l-g version was tested at Stevens, a 1/6-g version was tested at
WES.
The test measurements, soil conditions and cleat configurations are listed below
for the Stevens tests.
TABLE 4,1-3
SOIL BIN TEST CONDITIONS Ref. (1)
(wheel loading = 330 1lbs)

Measurements Soil Conditions Cleat Configuration

Draw bar pull vs. slip Cohesionless sand 10-inch flat plate
Torque vs. slip Soft, k or G=1 to 2 12-inch, 13 x 1} in.

angle cleat
Sinkage Firm, k or G=8 to 10
Footpring length
Wheel gnd carriage speed

The draw bar pull, torque and locomotion effciencies vs. % slip are shown in
Figs. 4.1-6 to 4,1-9 and pertinent results are summarized in Table Lk, 1-L,
Locomotion efficiency is defined as
= PR (l"S)
Mo
where R i1s nominal wheel radius, T is wheel input torque and s is slip. We may

draw the following conclusions from these tests:
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]

© In all four cases, that is regardless of soil or cleat conditions,
the slip on level ground in the self-propelled mode (when DBP=0) is
1 to 1.5 percent.

o The increase in rolling resistance due to the angle cleats is negligible
on level ground or at low draw bar pull levels

o The addition of the angle cleats increases the maximum draw bar
pull by 54% in soft soil and by 50% in firm soil. However, a penalty
in rolling resistance, hence, in locomotion efficiency, is paid to
achieve the higher draw bar pull. This penalty is 9% in soft soil and
22% in firm soil. In conclusion, the angle cleats deliver significantly
more draw bar pull in all soil conditions with less cost in efficiency
in soft soil than in firm soil

The Grumman wheel achieved a peak pull coefficient of 0.64 in the Waterways
Experimental Station soil bin test, Ref. (2% as against a pull coefficient of
0.45 in the Stevens Institute soil bin tests, Ref. (1). These coefficients
correspond to maximum climbable slopes of 33o and 24° respectively. The Cone
Index gradient, G, of the soil in both tests was approximastely the same; more
specifically, it was 9 psi/in. (Stevens testsknd 12 psi/in,  (WES tests).
The discrepancy between the two test results may be adequately accounted for in
terms of the following differences in the test conditions:

o A l-g wheel under a loading of 330 lbs was used in the Stevens tests, as
against al/6-g wheel under a loading of 70 1lbs in the WES tests

2 A dry cohesionless sand (c=0) was used in the Stevens tests, as against
a moist, relatively finer sand with a measured cohesion of 0.16 psi
in the WES tests.

Figure 4.1-10 shows the resolution of these date and the theoretical relationship
between maximum climbable slope (pull coefficient) and wheel loading at various
soil cohesions. Steven's P/W of 45 for ¢ = o is considered independent of wheel
loading. The effective footprint length necessary to account for the WES results
at ¢ = .16 was used in conjunction with Figure 4.1-1 to determine the assumed

footprint length, lg , vs loading. P/W'was then computed from

P/W

(), _  + A(BA)

(P/w)c ot 1 be/W

0.45 + 12 1 c/w

where b = 12 in. = cleat width.
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Cohesion in lunar soils i1s necessary if the vehicle is to climp a 35° slope

in the low gravity of the moon. Notice how, at a given cohesion, climbable slope
increases with decreasing wheel loading.

Although the wheels tested are not identical to the DLEV wheels, the results are
representative of DLRV slope climbing capability. These results indicate that

the DLRV wheel can climb a 35° slope under expected wheel loadings if the soil has
a cohesion of the order of 0.1 to 0.2 psi. It is recommended that additional tests
be performed to optimize the cleats at wheel loadings from 10 to 50 lb in soils

with cohesion from 0.1 to O.L psi.

4,1.1,3 Traverse Performance

In order to evaluate the electrical power required at various vehicle speeds over
various terrain slopes, the motor performance curves in Volume IIT Book IV, Con-
trol Subsystem Design and Analysis, were used to derive curves showing motor
efficiency for various torque loads and wheel speeds. Motor efficiency includes
all losses starting at the motor controls but excludes distribution losses prior
to that point. These are given in Figure 4.1-11 and 4.1-12 for the series mode.
In applying these data the series mode is used at all wheel speeds below 45 RPM
(~,8 km/hr) and the parallel mode for speeds above this value. The two modes are
combined in Figure 4.1-13 for manned operations. The torques are those for the
loaded vehicle on level terrain.

The total power requirements for each drive motor excluding distribution losses
were computed using the equation:

Electrical Power Required = _Mdbility Power
Efficiency

where the Mobility Power is obtained by converting the torque-speed product into
watts, and the efficiency for the appropriate values of torgue and speed is ob-
tained from the curves previously mentioned. Figures 4.1-14 and 4.1~17 show the
total vehicle mobility power requirements,iweluding distribution losses for both
the manned and ummanned vehicles, for level terrain and 10° and 20° slopes. For
the unmanned vehicle, level terrain and an average of 4 ft-lbs torque was assumed
for all six drive motors; in all other cases the torgues in Table 4,1-2 and

Figure 4.1-5 were used.
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SPECIFIC ENERGY, WATT-HRS/KM
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FIG.4.1-16 MANNED MODE DISTANCE FOR 1000 WATT-HR
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Analyses were made of mission mobility capability, for both the manned and un-
manned modes of operation. These analyses used the Reference Missions in Sec-
tion 2.2, and especially Table 2.2-3 for the typical manned sortie, and Tables
2.2=5 and 2.2-T7 for the umanned operation., The electrical power for each type
of operation is described in Section 2 of Volume III, Book V, which also defines
the electrical power requirements for equipment other than the mobllity equip-
ment, .
During manned operation electrical power is furnished by rechargeable batteries,
rated at 1.68 kilowatt-hrs, plus a 32-watt output from the RTG. For this mode

of operation T5% depth of discharge of the batteries or 1260 watt~hr is allowed.
Another 140 watt-hr are availasble from the RIG during the 43-hr sortie time.
Approximately 8 hours of recharge time arerequired between sorties. The desired
reference sortie described in Tsble 2.2-3 is 4 hours 35 minutes duration, of
which a total of 2 hours are used for a 30-kilometer level traverse at 15 lcm/hr.
Of ‘the 1400 watt-hours allowed for the sortie, 80 watts are required by all other
equipment during the 2-hour traverse (160 W-hr)., This includes the vehicle sub~-
systems, a steering allowance, and a 6% distribution loss, No energy is assumed
to be required for braking. During the non~traverse portions of the sortie, the
vehicle and science equipments will require 240 watt-hours. This leaves 1000 watte
hours, which may be allocated to mobility equipment within the 75% depth of dis-
charge capability.

The manned mobility power required for various speeds and slopes is shown in
Figure 4,1-14%, Approximately 790 watt-hours are required for the 30-km traverse
of the Reference Mission, The specific energy vs. speed and slope is shown in
Figure 4.1-15 and does not vary apprecisbly with speed. Traverse distance at
8-10 lon/hr is plotted vs. slope in Figure 4.1-16 for the available energy of 1000
watt-hour., Maximum distance at 15 k:m/hr is 38 km which exceeds the 30-km require~
ment. Wheel slippage has been neglected in all cases since it is only 4.4% on a
20° slope (See Book I, Volume III).
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During unmanned operation, electrical power 1s furnished primarily oy a solar
array and the RIG. They have a combined capability which is 332 watts at the
beginning of the mission, and which degrades to 300 watts at the end of the
mission. The power capability also varies slightly over the lunar day as a
cunction of solar elevation and array temperature, Whenever the power require~-
ment exceeds the capability of the solar array and RIG, excess power is supplied
from the batteries. When the batteries have reached a 35% depth of discharge
(588 watt-hours used), a recharge cycle is required lasting 3.5 hours, during
which all equipment is placed in standby. The batteries are not recharged at
any other time, and operation periods at power levels below 300 watts may not be
used for battery recharge. Batteries are designed for a maximum of 168 recharge
cycles,

In evaluating the wmanned mission capability, 242 watts (10% losses included)

are required by all equipment other than the mobility subsystem. This includes

a steering allowance and an average science load of 50 watts. A total of 667 hr is

available for recharge cycles (Table 2.2-T) permitting 190 recharges of 3% hours.
The traverse distance between recharge cycles for various speeds and slopes is
given in Figure 4.1-18 for beginning and end of mission array performance. Total
ground distance of the Unmanned Reference Mission is 1400 km (1155 traverse plus
ol5 at major sites). Averasge distance required per recharge without exceeding

tre 168

J

c

veles is then 8,3 km, The vehicle, at the lowest speeds, can satisfac-
torily complete the mission if the average slope is 2° at the beginning and 0°

at the end,

Of more significance is the distance when one assumes a 50% distribution of up and
down slopes and up-slope power and down-slope power are averaged. Down~slope power
i conservatively estimated the same as level power, The average power 1s then used
to compute distance before recharge and the results are plotted vs. clope angle in
Pigure 4,1-19. It is ceen that the 1LOO-km distance can be achieved with 168 re-

charge cycles at an average speed of 1 km/hr if slopes are equivalent to 8° at the

veginning and 3° at the end of the mission., lLiotice the advantage of driving at
nigh speeds, particularly up slopes. Unfortunately, this is contridictory to

other criteria which reduce speed with increasing slope or terrain roughness.
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L.1.2 Obstacle Negotiation
L.1.2.1 Approach

Obstacle negotiation capability of a vehicle can best be assessed experimentally.

In order to demonstrate capability for the DIRV design, and to study the effects
of weight distribution, pitch restraint, vehicle size and failure mode
performance, a 1/6-scale model was constructed and exercised over steps and
crevasses.
Two distinct sets of design requirements, corresponding to the manned and urmanned
modes were specified for the vehicle (Annex C, Part III):

o Step Menned -~ 30 cm Unmanned - 100 em

o Crevasse Manned - 70 cm Unmanned -~ 100 cm

These required obstacles were used as standards for most of the experimental
study.

4.1.2,2 Model Characteristics
The one-sixth scale obstacle negotiation model is shown in Figure L4,1-20., The

model was built to provide a variable geometry planform to allow for maximum

test flexibility consistent with the design configurations under consideration. The
model provided wheelbase, tread, percent wheel loadings, and pitch joint freedom.
The pitch pivot point was centered between wheel axles. Flexible cone wheels made
of ABS plastic closely approximated the required spring rate. Intermodular roll
freedom of + 6° was provided to simulate drawbar torsional flexibility. A friction
coefficient of 0.6 to 0.8 was maintained at wheel/ground contact. Mass scaling of
the model was not attempted; however, weight was kept to a minimum, and was main-
tained constant for each group of tests. Drive power was provided by an individual
motor at each wheel. Motor speeds were generally goverhed by a single control;
however, individual or paired control was available. Steering was locked out

for all tests. An intermodular wheelbase of 96 inches and tread of 98 inches,
corresponding to the dimensions of the unmanned vehicle, were standard for most
tests. Where the effects of reduced vehicle geometry were evaluated, the wheel
base and tread used was 88 and 83 inches, respectively, corresponding to the

minimum size vehicle discussed in Section 7.1. -

4.1.2.3 Test Results
The initial testing with the model was done using a 4 x 4 manned mode configuration.

All design requirements were found to be easily satisfied, so only limited testing

was done with this configuration,
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The bulk of the testing was done with the 6 x 6 vehicle. Figure L4.1-21 and L.1-22
show the vehicle crossing the required step and crevasse. Tables 4.1-5 and 6
define the various test conditions and give the results.

Comparisons were made between the selected 6 x 6 vehicle and & smaller vehicle

(88 in. wheelbase and 83 in. tread). No significant difference was observed in
obstacle negotiation capebility for the one-meter crevasse or step. Although

not tested, the larger vehicle should have the capebility to cross larger
obstacles because of the shallower angles required for step negotiation, and the
larger pitch inertia which slows the rate at which the wheels fall into a crevasse.
Tests were run to evaluate the effect of weight distribution on obstacle
performance. Loading extremes up to 50% on a single module were considered. As
shown in Table L.1-5, an equal weight distribution or one that is biased such that
the first module is lighter than the last is more favorable for obstacle negotiation.
It becomes difficult to negotiate the obstacles when the leading module weight
exceeds one third of the total. In the course of & mission, a critical obstacle
could be negotiated in reverse if an adverse weight bias existed.

Obstacle negotiation is affected by the degree of pitch and roll freedom between
modules. Roll freedom for the model was established at - 6 degrees representing
estimated chassis and joint torsional deflection. Pitch freedom was varied for
both the front and rear modules. As shown in Table 4,1-5the best configuration
provided no pitch freedom between modules 1 and 2, and & + 20 - 0° freedom
between modules 2 and 3. No pitch control appeared necessary; the vehicle was
allowed to seek its own natural position. This approach provides minimum

weight and design complexity.

Obstacle negotiation capability was also tested with respect to a degraded mode

in which one wheel was not capable of being powered, but could free-wheel. Only
step climbing was evaluated as this was believed to be the more critical obstacle.
As shown in Table 4.1-6, all conditions but one were negotiable. The conditions
with a failed front motor caused the vehicle to yaw in the direction of the

failed wheel until the chassis contacted the obstacle. A combination of individual

wheel control and active steering assist would probably resolve this problem.
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TABLE L.1-5
OBSTACLE NEGOTIATION TESTS

WEIGHT DISTRIBUTION PITCH FREEDOM NEGOTTATION

TREAD/WHEELBASE
Inches Front . Center = Rear . Front ' Rear RATING
One Meter Crevassg o
98/96 25 25 50 0 0 E
30 30 Lo o° 0° E
%) 30 30 0° 0° F
50 25 25 o° o° F
All of the 0 t 20° F
above distributions pa 20o t 20O F
t 20° 0° F
33 33 33 02 *t 20°,-0° D
ES 33 41 0 +2og, -og E
1 33 25 00 +20°, -0 F
83/88 33 33 33 07 +20°, -100 D
33 33 33 0 +20°, -20 F
33 33 33 0° +20°, -0° E
One Meter Step
98/96 25 25 50 o” o” E
50 25 25 0° 0° E
25 25 50 0° t 20° E
50 25 25 0° t 20° D
25 25 50 Ao * 20° E
50 25 25 * 20° t 20° D
25 o5 50 t 20° 0° E
50 o5 25 t 20° 0° D
33 33 33 09 +20°, 0° E
25 33 41 o° +20°, -0° E
83/88 33 33 33 o +20°,-10° E
33 33 33 0o t 280 o VD
33 33 33 0 +20°, -0 E

Negotiation Ratings:

E
D
VD

F

Sign

C

Easy
Difficult

Very difficult (required individual motor control
and often several attempts)

Failed

onvention: ____441:5?08'
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TABLE 4.1-6

OBSTACLE NEGOTIATION WITH SINGLE WHEEL DRIVE FAILURE

ONE METER STEP

FREE-WHEELING WEIGHT DISTRIBUTION PITCH FREEDOM . |NEGOTIATION|
WHEEL Front Center Rear Front Rear RATING
right front 25 33 L1 0° +20°,-0° D
right front 33 33 33 " " D
right center 33 33 33 " " F
right center 25 33 41 " " VD
right rear 33 33 33 " " F
right rear 25 33 L1 " . " VD
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4,1.,3 Probability of Traverse Success

Another means of evaluating DLRV traverse performances an IBM 360/75 digital
computer program which simulates, non-sequantially, the passage of a lunar
roving vehicle over assumed lunar terrain, By means of the program, the effects
of parametric veriation of the vehicle design parameters can be evaluated in
terms of the success of the vehicle in campleting the traverse over the assumed
terrain. Alternate designs may, therefore, be compared. Additionally, a
vehicle's performance characteristics may be established for a variety of soils
and slope distributions,
The input to the program is based on several models, as follows:

o Vehicle model (deterministic)

o Pothole model (statistical)

o Slope and soil model (statistical)
The program output provides sinkage, slippage, traction, and probability of
successfully completing the journey (i.e., probability of negotiating the
terrain). In addition, the impassable terrain is specified by identifying the
softest soll which the vehicle can traverse. A simplified representation of
the success analysis 1s shown in Figure 4,1-23,
In the above analysis, the overall probability of success is the sum of the
products of the probabilities of negotiating various combinations of soil-slope-
pothole conditions of the assumed terrain model. True traction is calculated

using the following formula which takes the effects of grousers into account:

H=(Ac (L +2n/m)+we) (1=~ (l-exp (-125))/12 s)
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where
H = traction, 1b

A = footprint area, sq in

¢ = cohesion, psi

h = grouser height, in

b = wheel (grouser) width, in
W = weight on wheel, 1b

s = slippage

¢ =(1+ 0.64 (h/b) arc ctn (h/b )) tan ¢

¢ = angle of friction of the soil
The program accepts up to seven soil strength distributions, each with a
corresponding cohesion coefficient assigned to it, and each defined over an
explicit range of absolute value of slope. All slopes within this range have
the seme soil values. Thus, there will be seven mean soil strength values
(or less, depending on the number of distributions used) each having a log-
normsl distribution of soil strength around it. In the soil model used for this
study, all mean soil strengths have been assigned the value of 2 psi/in. and the -2
sigma soil strength for each mean value was determined using the table of reduction
factors found on pg. IV-26 of Annex C of the Statement of Work.
The input to the program can be divided into a number of categories, each

relating to a specific type of input. These categories, or models, are:

o Vehicle
o Slope
o Soil
o Pothole

These models are not independent of each other and,in general, a change of input
values for one model results in a related change for another model. Pothole model
inputs depend on the vehicle model (chassis geometry) and soil model inputs

depend on the slope histogram.

A change in the vehicle's wheelbase and/or width results in a change in the values
of the mean diameter of potholes holding & given number of wheels in a pothole.
The mathematical structure of the pothole model, however, is independent of the

vehicle.
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4.1.3.1 Vehicle Models

Vehicle design inputs consist of axle spacing and span, number of vehicle modules,

wheel loading, locomotion torque, etc. Two basic types of vehicles were

considered: a four-wheeled manned version and & six-wheeled unmanned confiiguration,
Table K1-Tdetails the inputs for the five vehicles studied. Where an input was
varied, itsmaximum plausible range is shown.

4.1.3.2 Pothole Model

Potholes, or rubble-filled craterlets, and soft spots in the lunar terrain exert

a detrimental effect on the performence ofs lunar roving vehicle. The pothole
model is used to quantify this effect by determining the probability that the
vehicle will encounter a pothole with any number of its wheels and the expected
sizes of the potholes. Thisinformation is then reflected in the program's output
as a degraded mission success probability and incresed energy consumption,
The moddlis fully described in Grumman memorandum "Construction and Application
of a Lunar Pothole Model", PDM-OP-199. The pothole distribution is based on the
crater frequency distribution functions contained in "Lunar Terrain and Traverse
Data for Lunar Roving Vehicle Design Study" by H. J. Moore, et al.
The cumulative frequency distribution function used is

N= () 107t p2 (D £ Lom)
where

N is the cumulative number of craters per square foot

D is the diamter of the craters in feet .
The factor one-half, which does not appear in Moore etal,was introduced since,
by assumption, one-half of all potholes encountered are detected and avoided,
Provision has been made in the program to account for the possibility of overlapping
potholes.Table 4,1-8 shows the values of inputs to the pothole model.
4.1.3.3 Slope Model
The slope histogram describes the inclination of the lunar surface relative to the
lunar horizon. The probability that the vehicle will encounter a given slope is

equal to the percentage of the total terrain having that slope.
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TABLE L4.1-8

POTHOLE MODEL INPUTS

Vehicle Type

. Chassis Geometry Maximum No. Probability of Corresponding
wheelbase (in) of wheels in k wheels in a pothole Pothole Diame-
tread (in) pothole K Probability |ter (ft)

0 0.001 -
1 0.017 2.571
88
53 N 2 0.032 8.127
3 0.475 15.263
L 0.475 15.263
0 0.001 -
M 1 0.022 2.625
2 0.041 9.103
2 4
gg 3 0.h68 16.595
4 0.468 16.595
0] 0.001 -
1 0.024 2.6L6
6
2, ) 2 0,057 9.771
3 0.459 17.923
L 0.459 17.923
0] 0.001 -
1 0.015 2.577
85 6 2 0.026 8.14L
83 Smallest accep- 3 0.053 12,163
table vehicle ‘ °
L 0.053 12,163
5 0.426 21.124
6 0.426 21.124
‘i 0 0.001 -
\o) 1 0.021 2.64L
%%h 6 2 0.052 9.732
Largest poss-
ible vehicle 3 0.077 1k.897
i 0.077 14.897
5 0.386 23.532
6 0.386 23.532

IT/I.4-43



The slope histogram read into the program is taken from Table 6, pp B-19 of Moore,
et al. This table is reproduced in Table 4.1-9 . The terrain profile for the rough
upland distribution of one-meter slopes was selected to serve as a reference for
comparing different vehicles. This histogram encompasses the widest variation of
slopes and, consequently, the most severe conditions to be encountered by the
vehicle from the viewpoint of compaction and gravitational resistance. Compaction
resistance is a function of the cube root of the modulus of sinkage, and
gravitational resistance varies with the sine of the slope angle.

In accordance with Annex C, "Engineering Lunar Model Surface ELMS", all slopes are
sssumed distributed 50% positive and 50% negative, indicating that there is no
overall tendency to consistently move to a higher or lower elevation,

The slope histogram and the division of slopes based upon the soil model are shown
in Table 4.1-10,The mean soil strength has avalue of kg= 2 psi/in for all slopes.
Table 4.1-10 combined with the following soil model information, and in
particular, the table of reduction factors contained in Annex C, page IV-26,

completely specified the relationship between soil strength and slope.

4,1.3.4 Soil Model

The soil model relates the slope of the lunar terrain to such physical
characteristics of the soil as mean soil strength, Io sigma soil strength, cohesion,
friction and exponent of sinkage.

The assumptions underlying the present soil model are:

o Soil strengths for each division of the slope histogram are log-normally
distributed; i.e., log e (ky /k 4 mean) satisfies a normal probability
distribution with mean zero and standard deviation = log vio., (kg
is the modulus of soil deformation due to frictional ingreﬁients)

o Two-sigme soil strengths are based on the table of reduction factors
(Annex C)

o Sinkage exponent, n, is identically unity

o The angle of internal friction, ¢ , is defined in Fig. 9, page 75
of "Vehicle Mission Analysis" by Ehrlich, Markow and Dowd (SAE reprint)

o G was initially defined for five values of k4 from which a curve was
faired and the values of G taken. This curve is Figure h.1-2k,
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TABLE 4.1-9

PREDICTED DISTRIBUTION OF ONE METER SLOPE

Mean Slope Values 2.9° 5.3° 8.2° 11.0°
Model
% N % of Mean Smooth Rough Hummocky Rough
Slope Mare Mare Upland Upland
100 (450) (13%) (24°) (37°) (50%)
98 346 10 18 28 38
95 273 8 14 22 30
90 216 6.2 11 18 2L
80 152 L.k 8 12 17
70 116 3.k 6.1 10 13
60 % 2.8 5.1 8 10
50 76 2.2 k.0 6.2 8
Lo 58 1.7 3.1 4.8 6.4
30 Ly 1.3 2.3 3.6 4.8
20 28 0.8 1.5 2.3 3.1
10 15 0.k 0.8 1.2 1.7
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TABLE L4,1-10

SLOPE HISTOGRAM

Terrain Slope
(t degrees)

Probability of Slope

Coefficient of Cohesion

0
1.7
3.1
L.8
6.4
8
10
13
17
2k
30
38

50

.02
.0k
.05
.05
.05
.05
.05
.05
.05
.05
.025
.015

.Ol

.05
.05
.05
.05
.05
.05
.05
.05
.05
.10
.15
.20

.20
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4,1.3.5 Results and Conclusions

Figures 4.1-25 through 4.,1- 27 show the variation of success probability for
variations in wheel size and vehicle weight. It must be understood that the
significant measure, success probability, is determined on the basis of the most
severe conditions negotiable by the vehicle rather than by assuming that the
vehicle travels on level ground and encounters a constant and unchanging k #.

The program identifies all non-negotiable soil conditions,and probability of
success is measured by the portion of the total soil spectrum negotiable by the
vehicle.

During the study, it was determined that obstacle distribution would not prove

a serious probiem from a mobility viewpoint. This conclusion is based upon the
distribution data contained in Moore, et al. Generally, 3% of the total area is
covered by boulders and this is not sufficient to entrap a vehicle or to cause an
inordinate fuel expenditure unless the vehicle lands in a boulder field or
encounters a long boulder chain, These conditions are unlikely.

It will be noted that for both four-and six-wheeled vehicles, clearly discernable
trends are evident for probability of success versus vehicle characteristics. In
all cases, the probability of success varies:

o Inversely with changes in vehicle weight. An increase in weight
implies greater sinkage, greater resistance and more torque
necessary for successful negotiation

o Directly with changes in both true wheel diameter and wheel
(grouser) width. Greater footprint area implies smaller sinkage,
less resistance and less traction required to negotiate successfully

The program is most useful in defining trends rather than establishing "the best”
point design. Changes in the vehicle's weight and wheel geometry exert a major
influence on the vehicle's soft soil performance when considered over a
relatively large range of variation.

The inclusion of the pothole model did not exert a major influence on the relative
performance of vehicle having different chassis dimensions, The probabilities of
success are very nearly equal for both small and large vehicles. The probability
was very slightly less for the smaller vehicle, indicating at best a marginal
difference in performance, This is true because both vehicles develop the same
traction regardless of chassis dimensions and, therefore, both can negotiate the
same soil strengths in the assumed distributions. The smaller vehicle, however,

will expend more energy in negotiating potholes sinceit will be in potholes
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with all wheels more often than the larger vehicle.

The results support the conclusion that wheel size (width and diameter) is an
extremely important parameter to be considered in the improvement of cross-
country mobility. Larger wheels imply an improvement in probability of success
since a greater portion of the soil spectrum is negotiable. The program described
in this section will be particularly weful in route selection during the rhases

of mission planning when lunar soil-slope-pothole data on alternate routes are
available,

4.1.4 References for Section k4.1

1. Stevens Institute of Technology, Davidson Laboratory, "Tests of Lunar
Rover Wheel", by L. I, Leviticus and I. R. Ehrlich, Report 1429,

November 1969.

2. U. S. Waterways Experiment Station, "Study of Mobility Performance and
Slope-Climbing/Traversing Ability of Lightly Loaded Wheeled Vehicle on Soft
Soil", Fourth Monthly Progress Report, 1-30 Sept. 1969, Contract
DPR H-5850LA.
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4.2 DYNAMICS
The objective of the vehicle dynamics studies was to optimize ride qualities,
meximize vehicle controllability (related to the amount of time the wheels are off
the ground), and determine damping power dissipation, turning stability
boundaries, and dynamic loads during lunar operation. (Dynamic loads in the
. stowed condition are discussed in subsection 4,3.1)
The dynamics effort consisted of three main areas: analog computer studies of the
response to random terrain (which also made use of a fired-base simulator), and

digital studies of turning stability and the response to obstacle encounters.

4.2.1 Response to Random Terrain

The design of the vehicle suspension is determined largely by ride quality and vehicle
controllability objectives for constant-speed traverse of random terrain. An
analog computer is ideal for studying these characteristics, since it can readily
accommodate random excitation, and the outputs of the computer can be connected to a
mechamical simulator,

The initial anslog modeling consisted of a four-degree-of-freedom roll-plane module
with a trilinear suspension and non-linear point-follower wheels with "scuff"”
damping. Subsequent analog models consisted of two coupled roll-plane modules
capable of pitch motion also as shown in Fig. 4.2-1. A modular approach to math
modelling was selected for the ease with which it allowed coupling of two or more
roll-plane modules for complete vehicle analysis. The major parameters recorded were
chassis accelerations, suspension deflection, wheel load, power dissipated, and
wheel lift-offs. Wheel and suspension characteristics and intermodular torsional
flexibility were varied.

Analog equations which provided inputs for roll and heave motions of a mechanical
simulator seat were developed for both the single two-wheel-module and the coupled-
modules configurations. The computer was then linked to the Grumman fixed base
simulator to check human reaction to vehicle ride characteristics.

The trilinear suspension spring used in the anslysis combined a linear spring
with a motion-limiting snubber at each end. The three suspensions shown in Fig.
4,2-2 were investigated; these were designated as the 5, 10 and 20 1b/in
suspensions after their linear normal-operating-range spring rates. Static

deflection positions and deflection before snubber contact are also shown.
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The nominal stiffness characteristic used for the wheel is shown in Fig. 4.2-3.
Wheel stiffness ranging from half to twice that shown were considered. The point
follower assumption which was used was reasonable for the analog studies because
the detailed wheel/terrain geometry characteristics have small effect on ride
qualities. The modelling allowed the wheels to leave the ground when they were
unloaded. The '"scuff" damping mechanism dissipates energy by means of a

lateral scuffing action between the wheel and the lunar surface. This action

was modelled as non-linear viscous damping, whose coefficient varied with wheel
normal force and vehicle forward velocity. Auxiliary mechanical damping across the
suspension was also considered.

Four random terrain roughnesses have been defined for the lunar surface in terms of
power spectral densities: smooth mare, rough mare, hummocky upland and rough
upland. Upper and lower bounds for these surfaces are given in Ref, 1,

Comparison of the spectra showed that using rough and smooth mare covered the
range, and these were actually quite close to the remaining two. Therefore, only
these two spectra were used. For each spectrum a straight-line approximation of
the average of the upper and lower bounds in the frequency range of interest was
used. The ansl ytical spectra increased at 6 db/oct with decreasing frequency down
to 0,1 Hz, below which they were made flat to prevent displacement overload of the
analog computer, which was scaled for smaller amplitudes on the order of wheel and
suspension deflections. This low-frequency deviation would have no significant
effect on the dynamic responses since it was well below vehicle resonances. Un-
correlated random excitations were used for the left and right sides; left and
right rear wheel excitations were the same as those of the respective front wheels
except that a time delay dependent on vehicle velocity was used.

The initial analog computer work was done using a 2 x 2 roll-plane model. Results
of the suspension variation study using this model are shown in Fig. h,2-4, As-
tronaut roll and heave acceleration responses are lowest for the softest suspension,
as would be expected. Both the 5-and 10--1b/in. suspensions provide ride qualities
within the human tolerance range for both smooth and rough mare surfaces (Refer
ence 2). RMS suspension deflections increased with speed. The time histories of
the runs revealed that snubber contact occurred infrequently; on a rough mare at
12 km/hr, only one contact in a two-minute run occurred with the 5-1b/in.

suspension, and no contacts were observed with the 1o-lb/in. suspension., (The
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unexpected order of the deflection curves for smooth mare operation is attri-
butable to the abrupt non-linearities of snubber contact.) Also shown are the
peak wheel loads that occurred in a two-minute run. Demping power dissipation
increased with speed and suspension stiffness; however, & more marked increase
occurred for travel on rough surfaces., Thus, the penalty for rough mare

operation is a bigger drain on the batteries. It can also be seen that no
simultaneous two-wheel lift-offs occurred on smooth mare for the 5-and 10-

1b/in. suspension systems. This implies good steering control at all speeds.
Analysis was also made of the peak probability distributions associated with the
suspension deflections and wheel loads for both rough and smooth mare. The
distributions for both parameters were found to be approximately Rayleigh, as
shown in Fig. 4.2-5,8 result which greatly facilitiates determination of

fatigue damage due to vehicle traverse on random terrain. (Determination of
fatigue damage for the wheel is complicated by the fact that the loading cycles
are distributed around the rim rather than applied at a fixed location. This
difficulty can be surmounted if damege to the wheel for each complete revolution
at a particular load level is estimated and summed for the total number of wheel
revolutions at that particular load level.) The rougher the terrain or the greater
the vehicle velocity, the more the wheel and suspension peak distributions deviate
from a Rayleigh distribution because of the non-linearity of wheel and suspension
stiffnesses and wheel lift-off from the ground. The distributions shown in

Fig. L4.2-5 represent relatively severe operating conditions; thus, deviatbns

from the Raylelgh distribution significantly larger than those shown would not be
expected during normal operation of the DIRV.

Another study was made of the effect of adding an auxiliary damper across the
suspension system to supplement the scuff damping which provides the primary
dissipation mechanism. The results are shown in Fig. 4.2-6. For the severe
condition of 12 km/hr on a rough mare, increasing damping provided substantial
reduction in wheel lift-offs; however, this reduction was from an already low
value. Vheel loads were reduced, but in either case were well below design values.,
There was relatively little effect on seat acceleration or suspension deflection,
but dissipated power increased significantly, From the overall viewpoint, it
appeared that the additional damping provided little benefit to compensate for its

adverse effect on weight, power dissipation, and deployment complexity.
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Following the initial 2 x 2 work, the program was expanded to accommodate the

L x L vehicle. Results for the 4 x 4 analysis are shown along with comparable

2 x 2 results in Figure L4.2-7. The intermodular torsional stiffness for these
runs was 200 in-1b/rad, a value approximating that of the actual structure. A
practical range of torsional stiffness was run, but no significant difference

in the results was observed.

The responses obtained with the L4 x U analysis are seen to be similar to, but
generally less than, those of the 2 x 2. The slight conservatism of the simpler
analysis is in the right direction. Agreement between the results is close

enough to validate the conclusions drawn from the simpler analysis.

4.,2.2 Iloads Due to Obstacle Encounter

It is evident that loads due to encounter of large-size obstacles would be

greater than loads produced by response to rough mare traverse. To accurately
evaluate obstacle encounter loads, a more detailed representation of bump/wheel
geometry than that provided by the point-follower assumption was required.
Because such a representation could not be incorporated into the analog analysis
without undue complication, a digital computer analysis was performed. The
digital modelling, which is shown in Fig. 4.2-8, consisted of a two-mass, two-
degree-of-freedom heave module, with a nonlinear bump-contouring wheel and a
trilinear suspension with viséous demping. Wheel radial loads and suspension
vertical and drag loads were determined for spike bumps of U4, 8, and 12 inches at
velocities ranging from 4 km/hr to 16 km/hr. Results are shown in Figs. L4.2-9
and 10 for the 10 1b/in suspension and the nominal stiffness wheel, The effects
of other suspension stiffnesses on the loads were small. The limit load

of the nominal stiffness wheel is 300 1lbs which corresponds to a 5.5 lunar g
loading. It is seen in Fig. 4.2-10 that 4-inch bumps, which probably are so
numerous as to be unavoidable, can be negotiated at all speeds. Eight-inch
bumps, which would be less numerous and much more visible can be taken at speeds
up to 9 km/hr,

The effects of varying wheel stiffness on wheel radial and suspension drag loads
are shown in Fig. 4,2-11 for a 10 1b/in, suspension and an 8-in. spike bump.
Three wheel stiffnesses were considered. As expected, the loads decreased with
decreasing wheel stiffness, but decreasing wheel stiffness implies decreasing

load capability.
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It might appear, intuitively, that bump-encounter capability could be materially
increased by the addition of a deflection-limiting snubber to the wheel. To
investigate this possibility, a snubber with a spring rate of approximately

1000 1b/in in parallel with the cone wheel was considered. The fourth curve

in Fig. L.2-11 shows the result. Although this snubber increased the wheel

load capability from 5.5 to 19 g's, it only increased the allowable velocity

over an 8-in. bump from 9 to 12.4 kin/hr. Suspension drag loads increased
correspondingly from 140 to 690 1b., which would necessitate redesign of the
suspension arms and chassis support area. It was concluded that the addition of
a wheel snubber could not substantially increase bump encounter velocities without
prohibitive weight penalties. It should be noted that there are no specific
obstacle encounter requirements for DLRV; however, it is believed that the vehicle
should at least be capable of withstanding bumps on the order of 4 in. at

maximum speed.

4.2.3 Selection of Wheel and Suspension Characteristics

The information derived from the analog and digital studies was analyzed to determine
the "optimum" wheel and suspension system combination. The analog and digital
computer results made readily apparent the effect of varying the wheel and suspension
system stiffness parameters. The stiffest wheels and suspension springs produced the
smallest defections, but contributed the largest wheel loads and vehicle roll and
heave accelerations; the softest wheels and springs produced the smallest loads and
accelerations, but the largest static and dynemic deflections.

Allowable deflections are limited by vehicle size and obstacle-clearance consideratio
On the bagis of dynamic response considerations, optimum suspension system deflection
would be the maximum deflection possible without snubber contact. It should, however
be noted that occasional contact, which could be expected with & soft spring, would
not have a large effect on rms acceleration levels and, presumably, on crew

comfort.

After examination of the computer data, and evaluation of the tradeoffs, the
combination considered best for both ride qualities on rough terrain and wheel

loads due to bump encounter was the nominal stiffness wheel in combination with a

suspension stiffness of between 7.5 and 10 1b/in.
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L.2.4 Turning Stability
Stable operation while turning in the low lunar gravitational environment requires

vehicle treads that are significantly larger than those on an earth vehicle. This
is due to the fact that centrifugal forces tending to overturn the vehicle are the
seme on the earth and moon; but, the stabilizing gravity force on the moon is only
one sixth that on earth,

A complete analysis of the overturning problem would be extremely complex,

involving multiple nonlinearities such as those caused by steering and suspension
geometry changes, ground friction effects (allowing for side skidding), and large
angular motions as the inside wheels 1lift off the ground or a skidding condition
develops. The preliminary studies conducted thus far have used only simple
mathematical models to estimate stability boundaries and gain insight. The problem
was divided into two parts for initial study: turns with no skidding, as in a rutting
soil, and turns which result in a skid.

For the non-skidding case, a two-wheeled roll plane model was used, in which
unsprung mass was neglected, but suspension and wheel nonlinearities, and large
angle rotations were included. The model was analyzed using numerical integration
on a digital computer. Results are shown in Fig. L4.2-12 for turns on an adverse
15-degree slope for the selected 1lh-in.-tread vehicle and a smaller 86-in.tread
vehicle. The solid curves represent smooth surface conditions. At a nominal
operating velocity of 10 km/hr., the small tread vehicle requires approximately

50% greater turn radius for stability than the large vehicle. Both vehicles would
be capable of turning sharply enough to be in the unstable region.

The dashed set of curves shows the effects of encountering a 4-in. bump on the inside
wheel while in the turn. The influence of the bump is, of course, adverse; however,
the magnitude of the effect is relatively small. (Improving the math model by
including the unsprung mass might increase the effect.)

It is worth noting that crossing the stability boundary does not mean that over-
turning occurs; only that it initiates. Considerable time passes before overturn is
complete, During this period astronaut correction could set the vehicle stable
again. The wide-tread vehicle, with its higher moment of inertia about the outside
wheel, provides the greatest time to react to an imminent overturning condition.

The second overturning condition that was considered is one that is initiated by
skidding in a turn, If the front wheels slide first, the rear wheels tend to
follow the front and the skid is relatively stable, with small likelihood of
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overturn. However, if the rear wheels slide first, the resulting skid is unstable
and the vehicle may quickly yaw into an attitude which produces a large lateral
velocity component. An obstacle encountered in this uncontrolled side-skidding
condition could cause overturning.

To investigate this possibility, a simplified rigid-body analysis which
considered minimum frictional losses in the skid and conservation of mocmentum at
impact was conducted., The results showed that the skidding condition could be
more critical than the non-skidding condition at speeds above approximately

7 km/hr for the large-tread vehicle and 5.5 km/hr for the small-tread vehicle.

4.2,5 References for Section 4.2

1, "Lunar Terrain and Traverse Deta for Lunar Roving Vehicle Design

Study", H. Moore, R, Pike, G. Ulrich. NASA Report to be published.

2. "Preliminary Design Study of a Luner Local Scientific Survey Module
(LSSM), Final Technical Report: LSSM Mobility Systems", GM Report
®-83012-1, July 1966, p 5-82.

L4.,3 LOADS AND STRUCTURAL DESIGN CRITERIA

The DIRV system and subsystem components should be designed to the loads and
structural design criteria specified herein. These are based on study and
analysis of the mission objectives and requirements, and previous aerospace and
lunar roving vehicle engineering and development background. Two primary load
environments can be identified: )

o Stowed lunar transport environment including launch and boost
through lending and deployment

o Lunar operation, manned and unmanned

4,3,1 Stowed Condition Loads
The DLRV will be exposed to a variety of static and dynamic loads during its
delivery from earth to the lunar surface., The dynamic enviromnment for Quad I

payload has been specified in a IM interface document  The Quad IV environment

will be similar. IM/Apollo experience has shown that overall design loads for

units the size of DLRV are determined more by dynamic considerations than
static accelerations.
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4.3.1.1 Overall Vehicle Vibration Loads
Random and sinusoidal inputs at the DLRV/ IM attachment points are specified in the

interface document for launch and boost and lunar descent. The most conservative
approach for determining DLRV design loads would be to calculate them using the
specified enviromments as inputs, along with an estimated value of damping. How-
ever, for a unit the size of DLRV, loads calculated in this manner would be overly
conservative,

An approach used by Grumman to obtain more realistic design loads involved coupl-
ing the vibration response of the unit with that of the basilc IM structure through
the use of impedance methods., This approach has been used to determine prelimin-
ary mission vibration design loads for the DLRV. The results are shown in

Table L4,3-1,

TABIE 4,3~1
Mission Vibration Loads, g's
DILRV Axis Control/Power Modules Science Module
x (longitudinal) 9.5 10
¥y (lateral) 9 10.5
z (normal) 13.5 14,5

S:'ané the above loads are cyclical, account must be taken of low-cycle, high-
stress fatigue. In addition, static acceleration loads for the max-q condition
must be combined with the vibration loads. These mission static loads are

+2.3 g vertically and + 65 g laterally, with respect to the launch vehicle axes.

4.3.1.2 Equipment Vibration Loads
The local vibratory input to an item of equipment on DLRV is determined by the

transmissibility of the DLRV structure. For large items with low frequency re-
sonances, a vibration analysis must be performed, using a mathematical model of

a stowed vehicle to determine loads, For small items » & conservative enviromment
which can be used for preliminary design is an envelope of the secondary structure
response measured on IM. Sine and randam levels based on this approsch are

shown in Table 4,3-2,
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TABIE L4,3-2

Fquipment Vibration Levels

Random Sine
20 to 200 Hz - +3db/oct 5 to 25 Hz - .2" d.a.
200 to 250 Hz - .6g2/cps 25 to 100 Hz - 6.5 g

| 250 to 2000 Hz - 3db/oct

4,3.1,3 Lunar Landing Shock Loads

The most significant information for use in establishing DLRV landing loads is the
results of the IM-2 drop tests. Envelopes over the measured data at equipment
locations shows mission levels of 10 g for equipment resonant below 91 Hz, 23 g
between G1 and 910 Hz, and 38 g between 910 and 2000 Hz. These levels are
relatively conservetive for large, low-frequency equipment like DLRV; however,
there is little penalty in designing to them since the vibration loads are nearly
as high., A LM drop test with a roving vehicle in Quad I, which is planned for mid
1970, should provide a better definition of landing loads.

4,3.1.4 Deployment Loads

The static loads due to deployment will not be significant for the basic structure
of the DLRV, since the small lunar gravity force will be much less severe than the
forces experienced during delivery to the lunar surface. Dynamic deployment loads
depend primarily on DIRV translational and rotational velocities at wheel touchdown,
and these loads are applied to wheel and suspension structure which is lightly
loaded enroute. The deployment rate should, therefore, be limited so that critical

design loads do not occur in any basic structural members.

4.,3.2 Lunar Operation Loads

During operation on the lunar surface the DLRV will experience a variety of ground
loads deriving from many sources, such as random surface roughness, impact

with discrete obstacles and braking accelerating, turning, and obstacle negotiating
maneuvers. Loads due to the first two of these conditions came out of the dynamics
studies reported in Sect. 4.2. Mission design loads for the DLRV mobility

system were established based on rational consideration of likely loading conditions,
in conjunction with the results of the dynamic analysis. A summary of the

principal wheel loading conditions, in terms of lunar g units, is given in

Table 4.3-3, while the conditions are discussed in more detail in the following
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paragraphs:

o Nominal static load: This load, which is due to the lunar weight

(lgl)? is used as the basis or reference for all the ground load conditions.
The static load on the wheels varies with the mission (e.g., manned or
unmanned, with or without samples) and with the module (power, control,

or science), but for practical considerations only two nominal loadings

were defined: 55 1b. for the control module and 4O 1b for the power and
science modules. These values cover all normal conditions on level ground;
however, they are less than the manned rescue mode, where degraded operation
is assumed.

o Dynamic operating load: The dynamic studies on the analog computer

utilizing the specified lunar terrain models showed peak loads of approx-
imately 2 and L g, on smooth and rough mares, respectively, at 16 km/hr,
during a two-minute run. Allowing for higher ¢~ peaks during the longer-térm
smooth-mare operation, and selecting a more realistic rough-mare speed of about
8 km/hr, suggests 3 g; as a reasonable mission load. This radial load has to
be combined with loads caused by maneuvering and braking. An -inboard-
acting side load due to the scuffing action of the swing arm suspension is
associated with vertical loading of the wheel. A frictional coefficient

of 0.8 was used to establish the side load shown in the table.

o Maximum braking torque: The braking design torque corresponds to & maximum
braking effort of 100 ft-1bs. )

o Unsymmetrical braking: This condition assumes maximum braking on two

wheels on the same side of the vehicle; side loads provide the static
balance,

o Pivoting: This condition involves pivoting the vehicle about a
single locked wheel., Uniform soil pressure is assumed over the entire
footprint length.

o Turning: This condition corresponds to a sharp turn which puts the
vehicle at the point of insipient instability (all loadon the outside
wheels).

o Maximum radial load: This high-load requirement provides for a number

of radial overload conditions, such as obstacle encounter, longitudional

impact, or & vertical drop,
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The dynamic operating loads obtained from the lunar surface spectral densities
do not include impacts with discrete short wavelength obstacles. Separate
digital computer studies reported in the Dynamics Section (4.2.2) show that a
5.5-8, capability is required to negotiate L-in. spike bumps at 16 km/hr., and
it is believed that no less capability than this should be provided. The
provision of this high load capability for the science module allows it to
also be used in the manned mode, if called for by future plans.

During unmanned operation, the probability of encountering a large obstacle
is increased, but the driving speeds are much lower. A 5.5 g1 capability
alows for longitudinal impact of a vertical wall with s single wheel at a speed of
over 2 km/hr.

A large free-fall-height capability is desirable, since it provides for added
margin during DLRV deployment, and allows for inadvertently driving into a deep
depression. The 5,5 8, load capability provides for a free-fall height of about

34 inches.

4,3.3 Design Criteria

4.3.3.1 Factors of Safety
The factor of safety, that is, the ratio of allowable load to mission design load,

must be selected 0 that the likelihood of failure under the maximum mission level
stress is acceptably remote, The probability of failure, however, depends on &
number of factors, such as type of loading, structural configuration, material
strength, and constructional variations. Rational factors of safety with proper
allowances for stress concentration and'repeated thermal and dynamic loadings must
therefore be used to achieve édequate strength and maximum design efficiency.

The loads given in this section are mission levels., The ultimate factor of
safety used for DLRV general-structure that is strength-critical is 1.5 on the
mission levels, For fatigue-critical structure the factor is 1.3. Higher factors
are used for astronaut restraints; factors of 2.5 and 3.0 are applied to the

restraints and their attachments, respectively.:

4.3.3.2 Fatigue Analysis ‘
Although adequate static strength is assured by the ultimate load stress analysis,

adequate service life is not automatically provided for. The latter depends on a
number of variables, such as the number andmagnitude of load applications during
the entire mission, detail and general design configuration of the structure, and

properties of the material used,
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Fatigue life calculations are based on the cumulative damage method,

The procedure involves determination of meximum allowable stresses

for a given spectrum for various stress concentration factors. These stresses are
determined and plotted for all fatigue-critical members and desired materials.
Eqﬁivalent uni-axial tensile stresces, based on the octahedral shearing stress
theory are then used for fatigue analysis.

Fatigue spectra, which give frequency of occurrence of various loads, should be
derived from a combination of dynamics results showing loads in terms of speeds
and terrain characteristics and mission analysis results showning expected
time during the vehicle life for various combinations of speed and terrain,
Typical, simplified stress and fatigue analyses were performed during the

preliminary DLRV design phase. These are discussed under the subsystem sections.

4,3,3.3 Structural Materials

The choice of structura. meterials for utilization on the DIRV was made on the

basis of the following desirable characteristics:

o High strength-to-weight ratio

o Good fracture toughness

o Compatibility with both earth and lunar space environment

o Ease of fabrication
A number of candidate structural materials were considered for DLRV application,
including aluminum, titanium, magnesium, beryllium,and steel alloys, as well as
fiberglass reinforced plastics (FRP).
Aluminum has long been the primary aerospace alloy, because it offers a good
balance of strength, rigidity, excellent fabricability and good compatibility
with space enviromment. The pre-eminence of aluminum was further enhanced by the
development of a) improved stress corrosion resistance of 7075 T73, and b)
increased strength of weldable alloys, such as 2219. At elevated temperatures,
titanium surpasses aluminum in all structural counts, and its potentially
favorable notch sensitivity and fracture toughness make it a contender even at
room temperatures. Magnesium is being discarded, despite its potential weight
savings, because of its vulnerability to corrosion in earth storage enviromment,
and its poor high-temperature properties, subject to creep. Beryllium was
considered, because of its extremely high stiffness and strength-to-weight ratio;
its disadvantages are low ductility and formability. The utilization of

steels for the DIRV is restricted to isolated applications. This is because
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of the inability to utilize its high strength, as limited by minimum gage
fabrication and tolerances, and by local buckling considerations. FRP was
considered for its excellent corrosion resistance, formability, high strength-
to-weight ratio, impact resistance and flexibility. Based on the above
considerations, the choice of structural materials for DIRV was narrowed down to
the following primary candidates:

O Aluminum - 7075 T73xxx and 2024-Téxx, T8xx, for the primary umwelded

structure; 2219-Téxx, T8xx for welded applications of both primary

J
and secondary structure. An anodic film finish, in accordance with
MIL-A-8625 should be considered.

o Titanium - Ti-6A1-4V or Ti-6A1-6V-2Sn for high temperature primary
structure, fasteners, and wherever a weight advantage can be realized.

o Steels - Stainless steels, and high-strength low-alloy steels for
suspension system torsion bars, deployment cabling, pure tension members
and other isolated areas.

o Fiberglass reinforced plastics (FRP) - Applications considered include
equipment covers, close out panels, astronaut restraints, foot rests,
seats, etc. Temperature-resistant FRP was chosen for the elastic cone

wheels, based on the trade-off studies reported in Section 5.k.
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4.4 THERMAL CONTROL
All equipments requiring location outside of any enclosure are located as
functionally suited and are provided with individual thermal control. The thermal
control of these equipments are separately discussed in the respective subsystem
sections of this volume and Volume III. All other equipments, generally
electric and electronic, are enclosed in compartments to facilitate thermal control.
Only the latter are discussed herein.
The subsections of this section are presented in the order of logic leading to the
selection and verification of the final selected system. These subsections are:

o Rationale

o System Approaches

o System Concept

o Operations Concept

o Thermal Loads

0 Thermal Performance
The mission capability of the selected system is summarized in Table k. h-1. It
should be noted that this capability can be increased appreciably at sun angles

less than 60 degrees.

L.L4,1 Rationale

The primary thermal requirements are determined by performance characteristics of
structural and electronic equipments within the natural and induced environments

of lumar surface operation. The designs also are to be compatible with the stowed

environment of the EIM during prelaunch, ascent, translunar coast and descent.

More critically, all thermal designs must be capable of satisfactory operation under

the expected lunar surface dust conditions and be adequate for a one-year mission.
Because of the long life requirements, it becomes highly desirable to design a
passive or near passive system minimizing all electrical power requirements,
mechanical complexity and avoiding expendables.

Because the vehicle is size and weight constrained, the smallest, lightest thermal
control system is obviously a goal. This requires the evaluation of waste heat
generation and subsequently, its reduction in the overall operation of the vehicle.
The lunar night survival requires careful examination of efficient insulation
schemes and low electric power heat sources. Additional insulation vs. extra

passive heaters are to be considereu.
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Operation in a dust enviromment requires evaluation of non radiati.we rzjection
systems or radiative surface devices with some form of dust abatement

and cleanability.

Additionally, mission operations indicate that many equipments need not be on all
the time. This philosophy permits time sharing of the final thermal control
scheme. Equipment heat loads which can be staggered in time could be satisfactorily
cooled by a heat sink sized for the maximum steady state average

of the individual loads. This established the design philosophy that all equipment
that need not be external or separate for operational purposes should be located
in an internal thermally controlled area. It is also desirable to operate the
equipments at the highest temperatures allowable commensurate with the desired
reliability goals.

44,2 Thermsl System Approaches

In the course of this study, various candidate approaches for thermal control were
examined. The primary effort was in selecting a suitable thermal system cepable of
contending with the expected dust deposition and low power drain survivability for
lunar night, For purposes of analysis, it is convenient to break thermal control
into the following sub parts: (1) Heat Transport Devices and (2) Heat Rejection
Devices.

4.h,2,1 Heat Transport Devices

Heat transport is defined as the method of transferring heat from the equipment to
the ultimate or final heat sink, In evaluating heat transport methods: the follow-
ing were considered:

o Direct structural coupling to the final heat sink

o Variable structural couplings or thermal switches

o Variable heat pipes

0 Indirect and direct radiation

o Active coolant loops
Of the five heat transport methods, the direct short structural éoupling provides
the best thermal conductance and, therefore, the lowest temperature rise from the
dissipation source to the final heat sink. However, this method imposes various
design limitations as listed below wh;ch resulted in its discard:

o All equipments must be mounted on or within inches of the final heat sink
resulting in packaging limitations
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0 During low power dissipation phases and cold external enviromments, i.e.,
low sun angle, shadows or lunar night exposure, excessive amounts of
heater power or a controllsble insulation cover would be required to avoid
low and/or large fluctuations in equipment temperature '

o If the source and sink are significantly separated, required cross-sec~
tional area and, subsequently, increased weight are serious Ppenalties.

Variable structural couplings or thermsl switches such as were applied to the Sur-
veyor program (see Figure 4.4-1) were considered to be more desirable., This type

of device senses operational temperatures and provides a high thermsl conductance
during high thermal load conditions while reducing its conductance to minimize hesat
flow during cold or lunar night operation., A typical conductance turn down in the
ratio of 300:1 is achieveble., From evaluation of the data provided by AFML-TR-68-198,
Air Force Materials Laboratory report on Surveyor, the following undesirable points
were noted:

© The switches are somewhat heavy and bulky and require close equipment
location to the final heat sinks

0 The thermal conductance was somewhat limited by the switch contact
surface which must be specially coated to prevent cold welding and
to improve thermal contact heat transfer in a vacuum

The switch performance appears to decay rapidly with time

Reliability of operation for long periods is considered a
Problem because of bimetallic materisl fatigue and creep

Variable conductance heat Pipes, a relatively new innovation for efficien} heat
transfer with the variable conductance feature were also examined. These Ppipes
are basically ligquid-vapor cycle devices which function in a Passive manner pro-
viding exceptionally high heat transfer capacity, high thermal conductance and low
specific weight. A typical schematic and steam analogy are given in Figure L. L4-2,
Figure 4.4-3 shows conductance values for one of several configurations tested
under the Grumman Advanced Development Program. The conductance of a solid bar is
also shown for comparison. This type of configuration with a non-condensable gas
reservoir section could provide conductance turndown ratios in the range of 100:;1
at the DLRV low temperature range, )

In general, the heat pipes are capable of providing all the features of thermal
switches without their undesirable points, The following areas, however, are sensi-
tive and are noted for further consideration

© The pipe must be designed with a low thermal conductor spacer so as
to minimize residual structural heat leak during night operation.
This may prevent sealing problems
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TYPICAL 5/8° DIA HEAT PIPE AND BAR

10
HEAT PIPE (0.25 LB/FT)
o
AT
BTU
5 -
HR - OF
SOLID COPPER BAR (1.19 LB/FT}
o 1 1 . S
0 10 20 30 40 50 60
LENGTH, IN.

FIG.4.43 CONDUCTANCE COMPARISON OF PIPE AND BAR
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o Since the pipe function requires that the condesate flow from the
condensor at the final heat sink to the evaporator at the equipment
mount, the tilt of the pipe in a gravity field must be considered

The indirect radiation approach relies on transferring equipment thermal
dissipation directly to the final heat sink by radiation. In general, this

is a minimal'weight approach. However, radiation heat transfer is less
effective than conductive transfer, and higher temperature differences between
the equipment and the final heat sinks must be tolerated. If a radiator is used
as the final heat sink and requires operation with surface property degradation,
high thermal coupling and thus low temperature difference between equipment

and radiator is even more desirable. This approach is consequently not
recommended. Like the heat pipes and thermal switches, this approach can also
be implemented by means of insulation shades or movable louvres to provide the
variable conductance effect.

Direct radiation of equipments to space was also considered. This scheme would
avoid the poor thermal coupling of this indirect approach, A shade or movable
shutter could be implemented to provide the desirable variable conductance effect
for lunar night. This approach, however, appears to be seriously vulnerable to
dust accumulation directly on the equipments and makes the design of any
automatic cleaning device quite difficult.

Active coolant loops such as ethylene glycol-water fluid loops, were also studied.
A cursory examination showed that achievable weight , heat transfer capacity and
temperature ranges could be designed comparable with the other variable coupling
approaches; however, the following points were considered serious disadvantages
and no extra work was performedin this area:

0 The system would be complex; i.e., requires a motor, pump,
valving, accumulator reservoir and line fittings

© In avoidance of single point failure, almost each compartment
loop must be redundant

0 The necessary hstrumentation; i.e., flow or pressure transducers
motor-pump speed, voltage and current, considered necessary for
adequate test and mission support, is complex

o The necessary pump power, estimated at 20 watts total is a
significant thermal dissipation
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L 4.,2.2 Heat Rejection Devices

The heat rejection device is the ultimate or final heat sink for disposing of the
energy to the enviromment. They may be separated into two basic groups: 1)

thoke which rely on radiation as the final heat transfer method and 2) those which

do not.

Those approaches which do not rely on radiation to space have the unique advantage
of not being vulnerable to the prevalent dust conditions. Water boilers and sub-
limators fall into this group. The typical heat rejection capacity of these devices
are in the order of 1000 BTU per lb of liquid and at the DLRV levels of dissipation,
is equivalent to about .95 lbs of water per hour of ummanned operation. Even in
combination with radiators where sublimation would be used for peaking loads, the
system weight would be excessive.

The only suitable approach appears to be a space radiator of a configuration, that
is least affected by the dust environment. Selection of the proper radiator

surface should be based on the following rationale:

o To provide the smallest and lightest design, the radiator
surface should have the lowest solar absorptivity with the
highest emissivity presently achievable

o To minimize weight, the required radiator structure should be
adaptable to thin light weight design

0 Since it is expected that dust contamination cannot be avoided,
the selected radiator surface should be of a type having
low dust adhesion and godd cleaning properties

o Because of the long exposure to sunlight, the surface
should have low susceptibility to UV degradation

h.4.2.3 Dust
The concern for dust on the DLRV has been of major consequence because of its
expected propagation by the vehicle wheels and detremental affects on thermal
surfaces. Figure 4.4-4 shows the expected heights vs wheel speed considering a
free balistic particle path. If we assume that colliding particles from
adjacent wheels do not result in significant changes to the expected trajectory,
we may deduce that the 2 km/hr wheel speed of the ummanned operation does not
propagate dust any higher than 3.t feet from the lunar surface. It would then
follow that all power dissipation thermal surfaces located above this height
are free of contamination during unmanned operations. This philosophy was
applied to the Solar Array, the Steerable Antenna, the RF Hazard Detection
Sensor, the Solar Aspect Sensor and the TV Camera. The added height of the
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vehicle during remote operation and the 15o wheel camber is an additional advantage.
The equipment compartment radiators are questionable during vehicle turns where
particle collision could be excessive and are thus provided with dust abatement
and removal devices.

The effect of dust on the thermal radiators are concluded to be as follows:

o A thin layer of dust will radically increase the solar absorptivity
of a low absorptance surface. Results of the Northrup/Huntsville
dust investigation showed that a 10% dust coverage resulted in
approximately a 90% increase in surface absorptivity. In the limits
(100% coverage), this should cause surface degradation to an absorp-
tivity of 0.9 this being the approximate absorptivity of the lunar
soil, Figure 4,4-5 reflects this trend for a typical thermal
surface,

o As the dust build-up increases beyond this visible thin film,
we must account for effective thermal resistance. Figure L.L-6
is a plot of the effective thermal resistance versus thickness
as determined from Annex C of the Statement of Work. This impedance
to the flow of heat must then also be considered when analyzing
the system. Since small dust thicknesses are both significant and
unpredictable, a cleaning device together with a dust abatement shield
for the radiators i1s deemed necessary.

The typical schematic of the dust device is shown in Fig. 4.4-7 and is to be
provided for each of the three equipment compartments. This method of cleaning
is at present, deemed the most workable. Test data provided by Report #
TR-792-7-207A (Northrup/Huntsville Technical Report No. 321) on dust removal
concepts shows a favorable appraisal of this approach.

We are at this time, limited in being able to predict the most suitable

cleaning fluid, the required quantity per cleaning cycle, or the total quantity
for one year operation. It is recommended that a thermal vacuum test program
be initiated prior to a Phase C program and that recommended radiator surfaces be
contaminated with lunar soil and cleaned by various methods in a vacuum.

Actual dust rate build-up information can most likely only be obtained from the
interpolated results of earlier lunar vehicles or by ethor experience. In addition,
information from Apollo 12 depicted a possibility of a natural dust fallout as
evidenced by the light yellow dust coating found on Surveyor 3 and requires

additional consideration.
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In conclusion, it has been conservatively assumed that dust at low height on the
DLRV will eventually permeate any intended shield and that eventual cleaning

of some sort will be required. The DIRV's covered radiator approach is then a

method of minimizing the contamination and thus, reducing the number of cleaning

cycles required.

L.4.2.4 Supplemental Cooling

Other devices such as refrigeration techniques could be applied between the
equipment cold plates and the radiator permitting use of higher radiator temperatures
or degraded radiator surfaces. Peltier and vapor cycle equipment are logical approac!

and would be applied for a typical case seen below.

100 W 37TW Reqd
Equipméﬁ?l
CEme] ] - fusme]
135°F 1858°F

The higher radiator temperature would permit use of a smaller radiator with the same
solar absorptivity ( C”(/ = ,11) or the same size radiator with absorptivity
degraded to .37.

A cursory examination of state-of-the-art hardware indicated a minimum of 10 1b.
weight penalty for the refrigerator. Improvements appear impractical for such

small (100 W) loads.

Realistic sizing for dust effects is impossible because of the uncertainty of this
dust layer. If cleaning is provided, additional radiator surface area provides s

better capacity per unit weight.

4.4.3 System Concept

A thermally controlled equipment compartment is provided for each of the vehicle
modules. Each compartment as located on Fig. 3.2-2 provides suitable thermal
enviromments for the enclosed electrical and electronic equipment during all
phasés of both wmanned and manned missions. Thermal controls are achieved semi-
passively and are considered suitable for & minimum life of one year while exposed
to the lunar environments.

The thermal control system as depicted by the block diagram in Fig. 4.4-8 consists
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of the following components:

o Equipment Mounting Tray

o Phase Change Heat Sinks

o Variable Conductance Heat Pipes
o Space Radiator

o Insulation Blanket

o Radio Isotope Heaters

o Dust Control Device

4.4.3.1 Equipment Mounting Tray

The equipment mounting tray provides a heat transfer mounting surface for the
electrical components. The tray contains prescribed internal cavities which are
filled with a change of phase heat storage material. In parallel to the heat

storage material, the tray is attached to the thermal hest pipes.

4.4.3,2 Phase Change Heat Sinks
Phase change heat storage material is provided in the system to permit high load

operation of the DLRV with the radiators overloaded, ineffective or covered as
mey be required for dust conditions. The phase change temperature point of the
substance is selected at the maximum allowable equipment heat sink temperatures,
i.e., l36oF for the Control and Science Module compartments and 89°F for the

Power Module compartment.

4.4.3,3 Variable Conductance Heat Pipes

Variable conductance heat pipes are used to provide an adequate heat transport
loop between the equipment mounting tray and the space radiator. These pipes
are designed to transfer maximum thermal loads to the radiator at a minimum
temperature differential. The variable conduction parameter shall be designed
to provide a conductance turndown ratio in the range of 100:1 to minimize lunar
night loses. The heat pipes should be capable of proper operation in the lunar
gravity (1/6 earth) plus an acceleration of 20 in/sec2 rms at a predominant
frequency of 1 cps. The heat pipe is arranged to permit adequate operation at
vehicle tilt angles of p 250 in roll and pitch.
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4.4.3.4 Space Radiator

Space radiators provide the final heat sinks for internal equipment dissipation.

The radiators are a light-weight thermo optical type as shown below,

— ! — 5 mil Teflon

hd

Radiator Surface

Crossection ; Vapor Deposited Silver
Outboard . Epoxy Bond
Surface o — 20 mil Aluminum Skin

This selection is considered suitable for one year exposure to UV radiation and
has a hard non-adherence, non-porous type surface suitable for repeated cleaning.
The configuration, and angle to the lunar surface was selected so that the radiator

size required is within vehicle design envelope constraints.

4. 4.3,5 Insulation Blanket

Insulation blankets are used to provide thermal isolation of the enclosed equip-

ments from the surrounding enviromment. The blanket serves to limit heat transfer
into and out of the compartment to that governed by the heat pipes and radiators.

The configuration selected is composed of 23 layers of crinkled 1/L4 Mil. aluminized
Mylar plus 2 layers of 1/2 Mil. aluminized Kapton (H-Film). The 2 H-Film layers

are outside. The Kapton surface of the outermost blanket faces the space environment

Z
exposing a surface Xs/e ratio = 1.0.

4.4.3.6 Radio Isotope Heaters

Radio isotope heaters are provided internal to each compartment. These devices

located at the equipment mounting tray provide sufficient energy to maintain the
mounting tray at the lowest permitted temperatures for lunar night mission requirements.
These heaters are selected for the lowest dissipation possible since they cannot be
turned off and must be included in the thermal load during lunar day. Plutonium

238 is considered to be a suitable material from a life and safety standpoint.

4 4,3.7 Dust Control Device

Each equipment compartment radiator is provided with an integral dust curtain

and dust cleaning device as wepresertaiby the schematic in Fig. 4.4-7. The curtain
is made of a light weight flexible material such as multilayer H-Film and is to
be remotely controlled. The leading edge of the curtain support 1s a hollow tube

containing an array of multiple nozzles suitable for the uniform dispersion
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of a cleaning fluid or gas on the radiator. A suitable linkage and motor drive
provides for necessary actuation. The quantity of cleaning solution to be
provided shall be determined from a laboratory evaluation. TFor purposes of this
study 5 1bs has been allotted for this expendable.

4.4.3.8 Self Induced Environments

In the interest of completeness, we should mention séme of the self induced
vehicle heat loads. The loads concerned are those imposed by vehicle structure
and the powered, external equipments. With the exception of the RIG and the Solar
Array panel, all equipment imposed loads are considered to be negligible because
of either low surface temperature or small view factor.

The solar array is predicted to reach a maximum operating temperature of 23OOF.
Becguse of its large size, it can represent a substantial view to most of the
Control Module external equipments and should be considered during their design
phases. The size, location and operation of the array can be obtained from the
Astrionics Volume of this report, the mounting location and geometry from the
Mobility Section.

The RTG is supported on & thermally insulated mount to prevent excessive heat
conductance to the vehicle chassis. It is located so that its outer thermal
surfaces are not critically obstructed from their required view of space. The
equipment compartment radiators do not have any view of the RTG. Most externally
mounted equipments, however, do have a view of fhe RTG and must be considered
during the detailed thermal analysis and design of these equipments. All close
vehicle surfaces with a high view factor to the RTG shall be covered with
aluminized H-Film or similar high temperature insulation. Table 4. b-2 shows

expected incident IR radiation values.
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TABLE L. L.-2 MAX. INCIDENT THERMAL RADIATION

Flux, BTU/Hr. Ft2

Sample Solar
S-Band v Hazard Storage Aspect  Steering
Antenna Camera Sensor Container Sensor Actuator

RTG SNAP 19
360°F source 20.8 20.9 19 137 11.2 175
Alternate, 6L 64 55 420 33.6 540
Multi-Hundred

Watt RTG

600°F source

During the stacked prelaunch configuration, the total RTG waste heat is significant
to other ELM and launch vehicle systems and must be adequately removed. For the
SNAP 19 dissipating about 637 watts, the air cooling scheme presently available
on IM should be adequate. For the Multi-Hundred Watt RTG dissipating about 3700

watts, some form of liquid cooling would be more desirable,

L. 4.k Operations Concept

During the unmanned mission phases where vehicle velocities are less than

1 km/hr all the compartment radiator covers may be kept open because the expected max.,
height of the dust particles is lower than the radiator heights. For this condition,
there should be no restrictions on drive time or solar elevation angles. For
vehicle velocities between 1 and 2 km/hr, the Power and the Science compartment
radiators are covered to prevent or minimize dust deposits. Since the Control
compartment radiator is higher on the vehicle, it may remain open. When a
compartment is covered, all equipment heat dissipation is absorbed in the equipment
masses and the phase change heat sink. Heat flow from the outer enviromment is
limited to a negligible influx through the insulated blankets and penetrations.

Heat flux intoc the compartment from the covered radiator is also negligible since
the cover is insulated and the heat pipes do not permit reverse heat flow.

At each stop the radiator curtain would be retracted and the vehicle powered down
for science. At the reduced power, the heat stored in the phase change material
Plus the existing electrical dissipation would be transferred to space by the

radiator.
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This cycle would be repeated during the entire unmanned mission. During early
lunar dewn or dusk, the varisble conductance heat pipes would prevent under-
temperature operation. When the system temperature indicates a degradation of

the radiator surfaces, a radiator cleaning cycle would be initiated with the
retraction cycle of the radiator curtain.

During manned operation, both the expected dust deposits and equipment dissipations
are greater due to higher wheel torque and speeds. On the other hand, the crew
can better appraise the dust conditions and can execute cleaning cycles. In spite
of this, it is considered advantageous to open all radiators at speeds greater than
1 km/hr, since the supply of cleaning expendable could be made ample,

4.4.5 Thermal Loads

In order to determine the design loads for the three compartment radiators, heat

pipes and phase change heat sinks a thermal load anslysiswas performed. Table 4.L-3
depicts the loads during various mission phases for all equipments mounted in the
thermal compartments. Influx of envirornmental heat through the heat pipes, thermal
insulation and structural mounts are limited by the design and are considered
negligible,

4L,4.5.1 Open Radiators

The typicel heat pipe and radiestor sizing loads with radiators open were computed

as follows. The sizing load Qrs is defined as

W x T * Q xTg

TD + TS

rs

where
Sizing load (watts)

O .
1

rs

Driving phase dissipation (watts)

o°

Qg = Stop phase dissipation (watts)
T, = Drive time (hours)
Ty = Stop time (hours)
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The drive cycle was evaluated for a total cycle time of one (1) hr (drive time
plus stop time). One hour is based on a routine science stop time of 30 min plus
an average umanned drive time of 30 min as established in Section 2 for the
Ummanned Reference Mission. The longest anticipated drive time is one hour, as
mentioned in Design Missions, Section 2.3, It is not felt, however, that the
system need be sized for the worst combination of all conditions.

An example for the Control Module compartment at a 50% drive-to-stop cycle is

presented.
_159.3 W x 0.5 hrs + 74.1 W x 0.5 hrs
Qrs - 0.5 hrs + 0.5 hrs
Q= 116.7 Watts

rs

This analysis was repeated for various drive cycles and is plotted on Fig. 4.L-9.
It should be noted that the total drive cycle period was sssumed to be-aftgr a nvmder

repetitive cycles so that initial condition transients could be neglected.

4.k,5.2 Covered Radiators

The sizing load érs for fully closed radiator operation is defined as:

Q - 9xTp+* Qg
rs
Ty

An example for the Control Module is given below. Results are shown for all

Modules in Fig. L4.4-9.

d - 53.9 Wx 0,5 hrs + 72.6 W
rs 0.5 hrs
Qg = 126.5 Watts

A baseline cycle of 50% was selected for design sizing of radiators and heat
pipes. This represents average unmanned driving speed operations., It is

assumed that at infrequent overload conditions, radiators may be uncovered and

cleaned more often if necessary.
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4.4.5.3 Heat Storage and Discharge

The heat storage load requirement is derived from the need for closed radiator
operation or for operational dissipations in excess of the radiator capacity. The
conditions for heat storage operation have been selected for the manned and
unmanned missions according to the rationale of the previous Sections. The
conditions investigated are listed in Teble L k-L.

The heat storage for the compartments is predicted as follows:

W = (é’D - é'P\1\I)>TD

where: Q, = Heat storage requirement (watts-hrs)
T, = Drive time (hrs)
QD = Driving dissipetion levels (watts)
o
éRN = Radiator capacity (watts) (0 when radiator is covered)
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Using the drive dissipations from Table L4.4-3, and the radiator capacities
selected in the subsequent subsection, the accumulated loads are given in

Table L.h-L, The Control Module with a radiator sized for 120W is critical
unmanned while the other modules are critical manned.

After covered radiator operation, the accumulated load is discharged with

open radiators while stopped. The minimum time should be less than the minimum
science stop time of 30 min. (See Section 2., Mission Analysis). This

recovery time Tr’ is defined as:

Where: Qa = Absorbed load

Q. = Net (subsolar) radiator cpacity (W)

.

QS = Compartment dissipation during science stop
For the unmanned loads of Table 4.L-3 and the present radiator capacities they
are:
.51 hr for the Power Module, 27 Whr/ (125-72.6) W
49 hr for the Science Module, 9.9 Whr/(L0-19.7) W
For the critical manned condition, a time of 2.3 hr is required.
L.4.6 Thermal Performance

All thermal components are combined to provide the required performance. 1In

addition to the requirements and concepts previously discussed, allowable
temperatures for DLRV equipmentwere also established. These are given in

Table L. L-5,

This analysis was conducted using simplified heat flow model to provide pre-
liminary performance predictions. Final performance predictions for these
compartments will require evaluation by means of dynamic network analysis
techniques.

4L.4.6.1 Basic Operations

The equipment mounted on the compartment trays at the designated loads and tray

temperatures should not exceed internal temperatures defined in Grumman Report

AED255-2, Part Derating Policy for the Apollo Applications Program, IM-A. Tt

is presumed that the typical thermsl resistance between the equipment and tray

is less than 1.3°F/watt-in2 . This is equivalent to less than a 2°F rise in the
II/I.4-103



TABLE 4.hk-4 HEAT STORAGE REQUIRED

OPEN RADIATORS (CLEAN)

Speed Slope Duration Dissipation  Accumulated
Mode Module km/hr Deg Hr W Load W-Hr
Unmanned  Control 1.0 0 0.5 160 20
Module 1.0 0 Unlim 154 0
Manned Control 16 ¢} 1.87 177 106
Power 16 0 Unlim 129 0
Power 16 6 1.5 136 17

COVERED RADIATORS

Unmanned  Power 1.0 0 0.5 53.0 2'7.0
Science 1.0 0 0.5 19.7 9.9
Control* - - - - -

¥ The Control Modules radiators are not covered when
unmanned
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TABLE )'l'o)"l"‘ E

ALIOWABLE FQUIPMENT TEMPERATURES

Control Module Compartment Tray
Power Module Compartment Tray
Science Module Compartment Tray
TV Camera

Crew Control Panel

S-Band Directional Antenna Drives
Elect.,

Wheel Traction Drive Windings
0il

Steer Actuator Assem Windings
0il

Drives
Cells

Solar Array

Hazard Detector Sensor Drive
Elect

Solar Aspect Sensor

Launch to Deploy.

Lunar Night Iunar Day

Deg.F
30 to 130

30 to 90
30 to 130
=20 to 130

0 to 130

20 to 130

20 to 130
20 to 130

20 to 130
20 to 130

~20 to 130
20 to 130

-20 to 130
0 to 130

~20 to 130

II/I.4-105

Deg JF Deg K
0 Min 0 to 135
0 Min 0 to 90
-65 Min =20 to 135
-65 Min =20 to 170
-65 Min -20 to 170
-65 Min -65 to 170
-20 to 170

~150 Min =100 to 412
-60 Min =50 to 250
~200 Min =100 to 450
-60 Min =50 to 250
-300 Min =100 to 170
-300 Min

-250 Min =100 to 180
-65 Min -0 to 180
-300 Min -100 to 150



equipment temperature. Although not critical for cooling exterior surfaces
of equipment should have an emittance of 0.85 or greater to provide more even
temperature distribution,

Table 4.4-6 is a summary of the thermal system component characteristics for the
designed compartments. These values have been computed on an independent com-
ponent design basis to satisfy the necessary system performance.
The values shown are the result of various system level design iterations and
are fully expected to be within achievable component design capability. In
most cases, values have been correlated with Grumman experience in the IM and
OAO space programs. The performance characteristics used for estimating the
variable heat pipe designs were interpollated from data generated by the
Grumman Heat Pipe Advanced Development Program.
The mounting tray temperatures can be verified from the parameters of the table.
Using the sizing loads of the previous Subsection, the determined temperature rise
for the heat pipes is:

15°F - Control Module

10°F - Power Module

10°F - Science Module
To provide the described equipment tray temperatures, the maximum radiator
operating temperatures must be kept below:

120°F for Control Module

80°F for Power Module

125°F~for Science Module
Knowing these design temperatures the required sizing loads and the selected
radiator surface, we can solve for the radiator specific capacity and size. This
is done for the three compartments at the subsolar condition.
The total net capacity (QON) per ft© for each radiator can be defined by:

QON = (total radiator emission at To) - (absorbed lunar
incident radiation) - (absorbed solar incident radiation)
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where: radiator emission =<€_ T b
R e}

T, = radiator temperature in °R

c L
absorbed lunar incident rad 'érFLRéL Tp,

absorbed solar incident rad =~-’scos§KS

It

and: T

[ = Lunar temp at corresponding solar elevation, °R

o]
I

Solar Constant - 442 BIU/hr-ft°

RSN
I

Angle of sun off the perpendicular to the receiving surface

<~ = Solar absorptance = 0.85 to 0.11 (silver Teflon radiator)

Y
i

Configuration view factor, lunar surface to respective
radiator surface

€ IR radiator emittance = 0.80 (silver Teflon radiator)

R

€1

IR lunsr surface emittance = 0.85
Figure 4,4-10 depicts the net radiator capacities per square foot at the worst
case condition for each of the radiators.

Using the subsolar capacity and the sizing loads as defined in Section L.Lh.5, the

following radiator sizes are determined:

2
_ 120 Watts = L.,k ft
Control Module 57 Watts/ft3
125 Watts = 6.2 £t°

Power Module =

20 Watts/Tt2

4O Watts = 1.2 £t°

Science Module 33.2 Watts/ft2
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4L.4.6.2 Heat Storage
As related in Section h.h.5.3, heat storage capability is'reqired for some of the

planned vehicle operations in order to stay within desired equipment temperature

limits.

To provide adequate temperature regulation and rapid discharge capability, a
constant temperature device was indicated and, hence, a phase change material
(PCM) was selected. Assuming the PCM is adequately coupled to the gquipment

tray, suitable temperature control is only a function of quantity of material.

The design regiirements for the PCM weight sizing were chosen as follows:

Control Module Compartment - Manned 16 km/hr, 30 km
Radiators Open
Continuous Drive

Power Module Compartment - Ummanned 1 km/hr, 0.5 km
Drive with closed radiator
Repeatative Cycles

Science Module Compartment - Unmanned 1 km/hr, 0.5 km

Drive with closed radiators

Repeatiative cycles
Using the heats of fusion of the selected Transit Heat Binorganic salt solutions,
weights were selected for each compartment. Table 4.4-6 reflects the PCM
parameters and the allocated system weights. This particular material was chosen
because of present availability, compatibility with aluminum structure and
suitability for space instrument application. Present state-of-the-art depicts
some PCM compounds with higher heats of fusion and further study in this area

may improve the present weight allotments.

4.4.6.3 Lunar Night

During lunar night, the vehicle is powered down to the level reflected in the
dissipation summary, Table 4.,L4-3, The themal system by virtue of the semi-
passive variable conductance heat pipes automatically adjusts to a low
conductance or minimum heat leak., To supplement heat pipe turn-down the
radiator'scurtains are also drawn. Since electrical power drain is very
limited during the no-sunlight periods, it was important to minimize heat
losses wherever possible and to employ non-electrical (isotope) heat sources

for any additional energy.
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Equipment compartment heat leaks or losses can be attributed to the following

areas:
o Insulation blankets
o Heat pipe residual conductance
o Ceble penetrations
o Conduction to structure

Teble 4.L-7 is a summary of the predicted maximum heat leak rates for each of

the compartments for the lunar night period. The heat flows were computed using
the system parameters in Table 4.4-6 and applying the basic heat transfer equations.
The residual heat pipe thermal conductance is obtained from the curves of predicted
design performance in Fig. 4.4-11. The minimum compartment temperature limits
allowable during night are those specified in Table 4, 4-5,

TABLE L4.4-7 COMPARTMENT HEAT LEAK SUMMARY
Cont'l Mod Comp't Power Mod. Comp't Sci. Mod. Comp't

Min, Temp., °F 0 . 0 -65
Tnsulation surface ares Ft° 16.35 21.6 8.3
No. of heat pipes 2 figure, 8 loops 8 figure, 8 loops 1 figure, 8 loops
Cable penetrations 1 2 1

No. of structure L 5 3

tie points

Insulation effective emittance 011 011 .011
Lunar night radiator -62 -65 -95
temp °F

Lunar night equip. 0 0 -65
tray temp. °F

Qr, Heat pipe losses,W 4.9 7.9 0.9
QL Blanket losses,W 4.0 5.3 2.0
Q, Cable losses,W 3.5 3.8 0.5
&, Structure tie 1.0 0.8 0.3

point losses, W

Total §, Losses,W 13.4 17.8 3.7
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HEAT PIPE CONDUCTANCE (PER PIPE PATH), W/°F

20

1.0

- SCIENCE MODULE PIPE
CONTROL MODULE PIPE
—
POWER MODULE PIPE
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MEAN PIPE TEMP, °F

FIG.4.4-11 VARIABLE HEAT PIPE DESIGN PERFORMANCE
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These heat leaks were computed assuming -300°F black body surroundings. The total
losses less the expected lunar night electrcial dissipation sets up the require-
ments for the additional heater power to maintain compartment lower limit temperature.
Tt should be noted that careful consideration must be given to the detail design
and manufacture of the equipment compartments to assure that theirheat leak charac-
teristics are acceptable. It is important to limit the total heat leak since the
isotope heaters cannot be turned off and the thermal load must be carried by the
system during daylight and subsolar operations.

4.5 RELIABILITY

Reliability studies were conducted concurrent with selection of the preliminary
design of the DIRV. These studies involved the following areas:

Feilure Mode Effect and Criticality Analysis

Reliability Predictions and Establishment of Reliability Goeals

Part Requirements

o O O O

Hardware Test Requirements

o Relaibility Program Plan
This section contains the results of these studies. The Reliability Program Plan
can be found in Volume VII Book I.
As & result of these studies, the following conslusions apply to the selected
configuration:

o No single point failure creates a safety hazard

o Only four (4) failure modes result in the complete loss of mission
capability for both the manned and unmanned mission

o The configuration could be modified so that no failure mode would
result in the complete loss of mission capability for a weight penalty
of twenty four (24) pounds

o The capability to operate in degraded modes is inherent

o For the manned mission (five sorties) probabilities are:

Prediction Goal
Crew Safety .999985 .99999
Full Mission Success .996 997
Degraded Mission Success .9998 .9999
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o For the unmanned mission (one year)

Predicted Goal
Full Mission Success .561 .6L0
Degraded Mission Success .857 .900

o The majority of the unreliability for full mission successis due to the
failure of one of two batteries which would result in a degraded mission

o AAP/IM Preferred Parts List is applicable to the DLRV program with the
exception of certain radiation susceptible semi-conductor devices.
k,5.1 Failure Mode Effect and Criticality Analysis
A Failure Mode Effect and Criticality Analysis (FME & CA) was conducted and is

presented herein on the selected DLRV configuration. Throughout the entire Phase B
study effort, a FME & CA was kept up-to-date in order to (1) systematically

reduce the number of critically single point failures and (2) to provide a basis

of comparison of the reliability for competing configurations., This effort has
resulted in the selection of a DIRV configuration which contains no single point
failures which would cause a safety hazard to the astronaut and contains only a
bare minimum of single point failures which could result in complete loss of
mission cepability. This was accomplished within the weight limitation

through the selection of equipments and subsystem configurations which inherently

permit degraded modes of mission operation.

Table L4.5-1 contains a summary of all the critical failure modes as determined from
the FME & CA effort. The FME & CA work sheets are contained in Table L,5.2, Critical
failure modes are defined as failures which would either cause a safety hazard or
result in complete loss of mission capability. It should be noted that there are no
failure modes which could create a safety hazard. Included in the Wtble are
recommendations to eliminate or alleviate the existing failure modes. These
recommendations were not incorporated into the selected DIRV configuration during

this study phase, due to weight limitations or insufficient design maturity to

verify feasibility. In reviewing the results of this analysis, it can be

concluded that the DLRV certainly has the inherent design potential %o operate

reliably for both the manned and unmanned mission.
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In the paragraphs that follow, each subsystem will be discussed individually. The
following basic assumptions were used in conducting the FME & CA:

o Worst case conditions were used for both consequence and criticality
classification of failure modes

o Only one failure mode was considered at a time, i.e., multiple failure
conditions are beyond the capability of this analysis

o Due to lack of design detail (consistent with Phase B effort) in areas
of wiring and fusing configuration, no shorting of power lines were
considered. This is considered a design detail which will not effect
results of the andysis

o It was assumed that the manned mission would either be aborted or
restricted if a failure occurred and a second failure would
jeopardize astronaut safety

o The following criticality definitions were used:

I - Exposure of the astronaut to safety hazards, e.g.,
astronaut walk-back, etc.

ITA - Complete loss of mission capability

ITB - Degraded mission capability

ITI - Full mission capability and crew safety

4.5.1.1 Electrical Power Subsystem

Figure 4.5-1 shows the functional block diagram of the selected electrical power
subsystem. The subsystem consists of two independent power supplies which are
tied to two separate and isolatable busses. A crossfeed is provided to permit
either power supply to feed both busses in the event of a failure in the other
power supply. Each power supply consists of a half solar array with a shunt
element and & battery with its own charger. The RTG provides power during the
lunar night through twe independerRTG No-Load Protectors and Converters, both
capable of providing no-load protection and conversion at full load. Although
only one RTG is utilized, high reliability is obtained in the inherent design
which consists of series parallel strings of thermocouples and the failure of any
one thermocouple will not significantly effect performance. The array drive contains

redundant motors in both planes of motion.

The FME & CA of the electrical power subsystem is contained in Table 4.5-2. As
indicated, no single failure will cause a hazard to the astronaut in the manned
mission. In the event an equipment failure should occur (loss of a battery,
battery charger, etc.) it is recommended that the vehicle be returned to walk-back

range. Although full mission success would now be lost due to limited range,
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degraded mission capability remains. Since no failure mode exists which would cause
a safety hazard or complete loss of mission capabili'y, no recommendations for design

change is warranted.

4.5.1.2 Navigation Subsystem

Figures 4.5-2 and 4.5.3 show the functional block diagrams of the selected navigation

subsystem for the manned and umanned missions. In the manned mode, navigation
capebility is achieved through the use of a Solar Aspect Sensor (for direction)

and wheel rotation transducers (for distance traveled). The navigation data is
transmitted to the ground station for processing and transmitted to the vehicle for
astronaut display. In the event of a navigation or communication equipment failure,
a portable VHF Homing Receiver and a Sun Dial will assure the safe return of the
astronaut to the lander. In the unmanned mode, continuous navigation is achieved
using a directional gyro (Solar Aspect Sensor can be used as & back-up) and

wheel rotation transducers. The TV cameras is used to obtain landmark sightings and

star pattern matchings for navigational update.

As can be seen by reviewing the FME & CA in Table 4.5-2, no single point failure
exists which will create an astronaut hazard or cause complete loss of mission

capability.

4.5.1.3 Mobility and Steering Subsystem
Figure 4.5-4 shows the functional block diagram of the Mobility and Steering

Subsystem. Mobility and steering is obtained through the use of motor driven
wheels and an articulated steering joint. In the manned mode, the Manual
Controller inputs the desired speed and direction into a Synchronizer (full
circuit level redundancy) which resolves the commands into individual signals

for the wheel motors and steering joint. An Emergency Controller is available as
a back-up in the event that the Manual Controller should fail. In the unmanned
mission, the Synchronizer is inputed via the normal uplink command link. Each
motor can be decoupled in the event of a failure and mobility obtained on the
remeining wheels. The Steering Joint Drive can also be decoupled and the vehicle
driven in the "Differential Wheel Speed" mode. In this mode, vehicle steering is
schieved by commanding different wheel velocities to adjacent wheels. Dynamic
braking (all drive motors) is used to stop and slow down the vehicle.

The FME & CA of the mobility and steering subsystem is contained in Table L.5-2.

With the exception of a Menual Controller Failure, no signal point failure
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would cause a safety hazard or cause & complete loss of mission capability.

If the Manual Drive Controller should fail an abort would be initiated using the
Emergency Controller. All future sorties ghould be cancelled since a second failure
(to the Emergency Controller) would be a hazard to the astronaut. Sorties could be
conducted within walk-back ranges if an emergency brake (mechanical) were incorpora-
ted into the design. This could eliminate the need for using a key type interlock.
The emergency mechanical brake was considered during the study but was rejected
because of weight considerations., It is highly recommended that mechanical brakes
be further investigated to back-up the electrical braking system. Although no
single point failure could presently cause loss of electrical braking capability,

it would be good design practice to provide back-up braking which is independent

of electrical power,

4.,5.1.4 Communication and Instrumentation Subsystems
Figure 4.5-5 contains a functional block diagram of the Communicetions and Instru~

mentation Subsystem, The vehicle can recelve uplink commands via either the Omni
or Steersble Antenna., Two receivers are continuously operating (one on Omni and
one on Steerable) in conjunction with two paralleled Decoders which process uplink
commends to the command distribution assembly for command execution. All critical
camends will be made redundant in the Command Distribution Assembly. Downlink
data is processed for transmission in the Data Handling Assembly. All critical
data will be parallel channeled. The Narrow Band Transmitter contains two standby
redundant transmitters for date transmisslon (except TV video). The Wide Band
Trensmitter elso contains two standby redundant transmitters for TV video trans-
mission and is capable of transmitting narrow band data in a contingency mode.
Normal transmission is via the Steersble Antenna, however, degraded data trans-
mission can be obtained using the Omnl Anterna with TV video at a very low frame
rate.

Table 4,5-2 contains the results of the FME and CA for the Communications and
Instrumentation Subsystem, No single point failures exist which would cause a
safety hazard. In both the manned and umanned mission, the failure of the Tri-
plexer would cause loss of all mission capability since sclence data will be lost.
Since the Triplexer is essentially a passive device and extremely reliable, no

recammendation for change is warranted. The power supply, oscillator, and pro-

IT/I.k-126




WYHOVIQ D078 NOILVINIWNYH LSNI/NOILYIINNWINOD GGt 'Old

-~

IT/1.4-127

LNYNOHLSY
HAOX
. AN
h AHA
) ATSNISSY
SLNdNI ATEWISSY 349 NOILNEINLSIa
WNILSASENS =P ONITANVH Nyd JOHLNODs
viva ANVIWWOD
AL | v GNYWWOD
I AL
V.1va
% 30I10A
ARV agv 8 v
18M 18N uoY HoY
T
&
VNNILNV VNNILNV
INWO

3718vHd331s




grammer portions of the Date Handling Assembly are all single point mission
success failures. These areas should be further investigated during the next
study phase. It would appear feasible that redundancy could be incorporated
without a great weight penalty.

4.5.1,5 Hazard Detection Subsystem
Figure 4.5-6 contains a functional block diagram of the Hazard Detection Sub=

system, Hazard detection is accomplished by scanning the area in front of the
vehicle in search for a hazard using RF radar. These lunar terrain data items
are input into the Hazard Processor along with other vehicle parameters such

as: vehicle speed, vehicle attitude, etc, The processor then makes the de-
cision (in real time) to either stop or slow down the vehicle, The TV camera
will also scan the area in front of the vehicle for display and action at
Mission Control.

The results of the FME and CA are shown in Table 4,5-2, There is a possibility
that the vehicle could become immobilized causing complete loss of mission cap-
ability if a failure occurs in either the Hazard Sensor or Processor. The pro-
cessor could be made completely redundant for only three (3) pounds. Presently,
the Hazard Sensor has redundant receivers, redundancy in the output stage of the
transmitter and a "spare" bi-level detector that can be utilized in the event
of a detector failure, Unless it can be proven that the TV cameras can perform
the hazard detection function by 1ltself (at reduced vehicle speeds), it is re-
coamended thet all single point failures be designed out of the Hazard Sensor

and Processor,
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The results of the FME & CA were used as the basis for determining the reliability
models for each subsystem. Predictions were calculated using the reliability math
models and the associated equipment failure rates in Table 4.5-5, These sub-
system predictions were then combined to obtain the overall estimates. 1In pre-
paring the reliability models for mission success in the manned mode, consideration
was given to the probable alternate mission operations that should be inacted to
protect astronaut safety in the event a second failure could be critical. This
has a tendency of reducing mission success probability, however it does resemble
the real use situation. The assumptions that were used in classifying equipment
failures as either full mission success, degraded mission capability, or complete
loss of mission success; can best be evaluated by the reader by referring to the
assoclated FME & CA worksheet. These classifications were based upon engineering
Judgement. Reliability predictions were calculated assumming that the failure rate
remains constant for the duration of its useful 1ife. Tt was also assummed that
equipment failure rates are negligible when the equipment is non-operative and
therefore was not considered in the analysis.

The manned mission consists of five EVA's separated by four recharge cycles. A
typical EVA will consist of the following activities:

Ingress 10 min.
Checkout 10 min.
Traverse 2 hr,
Science Stops 1.73 hr.
Egress 10 min.

The battery recharge cycle is eight (8) hours in duration for the manned mission.
Based upon the unmanned Reference Mission, 4730 hours is considered unusable time
due to lunar nights and poor lighting conditions. Of the remaining 4030 hours,
1050 hours has been allocated to major sites, 1050 hours to traverse operations,
1263 hours to science stops during traverses, and 667 hours has been designated
as surplus time suitable for battery recharging. The time at major sites are
anticipated to be divided into 40% of the time for driving and 60% for science
stops. Therefore the unmanned mission can be divided as follows:

Lunar Night (including poor lighting) 4730 hr.
Traverse (including driving at major sites) 1470
Science Stops (excluding driving) 1893
Recharging (assumes all surplus time 667
Total Unmanned Mission (1 year) 8760

II/I.b-152



TABIE U4,5- 4 - RELIABILITY GQALS

_ _ . o ! o,
? 29
[ = ‘ %‘. E %
g 5 opg | ogE &
CEx | 3 | BE é S | eg 5
P EE ) B B B2 | 3R B
R = ‘ %co { c>ﬁ i =8 awn
_— | U IO i
MANNED MISSION i : %
- Crew Safety .999995 | .999995 ' .999995 1.00 " 1.00 .99999
_ Full Mission Success i .9985 .9999  .999 .9995 | 1.00 .97
- Degraded Mission SucceSS! .999995 | .999995  .999995 .99990 | 1.00 .9999
R | . o : {
UNMANNED MISSION \ | ‘ ‘
- Full Mission Success l .800 £e955 <65 .900 \ .90  .6LO
I .980 .900
i

- Degraded Mission Success .980 ; .9998 .95 975
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TABLE 4.5-3 - RELIABILITY PREDICTIONS

E ,05 %
g &
~ HH = =
| B2 | E | BH | B8R | #8 | Hi
m@@@mm MISSION (5 SORTIES)
Crew Safety «999995| .9999951 .999995 |1.000 1.000 | .999985
Full Mission Success .9985 | .999885 | .998200 | .999500 1,000 | .996145
Degraded Mission Success £999995{ .999995 | .999995 | .99980 | 1.000 | .999785
UNMANNED MISSION (ONE YFAR)
Full Mission Success .48 <955 .65 .867 Lo | L9611
- Iunar Night (td) .94 1.000 1.000 9% 1.000 | .990
- Traverse (ttr) .905 <955 .95 Ol2 OLo | .738
- Science Stop (tss) 874 1.000 1.000 .925 1.000 | .808
- Recharge (tr) .953 1.000 1.000 <999 1,000 | .952
DEGRADED MISSION SUCCESS
TOTAL 975 .9998 «965 951 .957 | .857
- Lunar Night (td) .o9h 1,000 1.000 .99% 1.000 | .990
- Traverse (ttr) .993 .9998 965 .980 .957 | .898
- Science Stop (tss) .989 1,000 1. 000 975 1.000 | .94
- Recharge (tr) .999 1,000 .. 000 .999 ¢} 1.000 |.998
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4,5,2 Reliebility Prediction
Relisbility predictions have been generated for both the manned and urmanned

missions. These predictions give a general indication of vehicle performance and
also highllght specific areas of unrelisbility due primarily to lack of redundancy
or acceptable back-up modes. As 1s the case with all such predictions they should
be viewed on a relative basis and will not necessarily project actual vehicle per-
formance,
Relisbility math models have been developed to predict the following:

o Probebility of Astronaut Safety

o Probebility of Full Mission Success

o0 Probability of Degraded Mission Capability
The results of the reliability predictions are shown in Teble 4,5-3. Based upon
these results it can be concluded that the mammed mission (five sorties) repre-
sents no problem. The wmanned mission (one year) has a high probability of con-
ducting at least a degraded mission (.857) and a probability of .561 for obtaining
full mission success for one year., As stated previously full mission success
implies no mission degradation. The major source of unreliability 1s the Elec-
trical Power Subsystem (.T48). This is primarily due to the effect of a failure
of one of two batteries which would result in a degraded mission since the average
traverse speeds would be reduced by about one-half. As an alternative, a third
battery could be incorporated into the system which would increase full mission
success probability to about .750. A weight penalty of 25 pounds would also have
to be accepted if the third battery were incorporated. Because of weight con-
straints, the degraded mode of operation was accepted for the selected configuration.
Based on the reliasbility predictions which were calculated during this study, re-
liability goals were established for both the subsystems and the DIRV system and
are included in Teble 4.5-4, These goals were approximately the same value as the
predictions except in those areas where the results of the FME & CA (Table 4,5-1)
indiceted that recommendations for design change should be incorporated in order
to eliminate or alleviate an undesiraeble failure mode. The system goals are in-
cluded within the system specification and the subsystem goals can be apportiloned
down to the hardware level for eventual incorporation into equipment specifica-

tions.
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TABLE 4.5-5 EQUIPMENT FAILURE RATES

EQUIPMENT NAME

ELECTRICAL POWER

A-1-1
A-1-2
A-1-3
A-2-1
A-3-1
A-b-1
A-5-1

A-5-2
A-6-1
A-T7-1
A-8-1

NAVIGATION
B-1-1
B-2-1
B-2-2
B-3-1
B-3-2
B-k-1
B-5-1
B-5-2
B-6-1
B-6-2
B-7-1
B-8-1
B-8-2

Solar Array

Solar Array

Solar Array

Battery (2)

Battery Charger (2)
RIG

RTG No-Load Protection

RTG No-Load Protection
Solar Array Regulator
Busses

Inverter

Wheel Rotation Xducer

Solar Aspect Sensor

Solar Aspect Sensor

VHF Homing Receiver

VHF Homing Receiver

TV Camera

Accelerometer (2/TV Camera)
Accelerometer (2/TV Camera)
Accelerometer (2/Vehicle Deck)
Accelerometer (2/Vehicle Deck)
Sun Dial

Gyro

Gyre

MOBILITY & STEERING

C-1-1
c-2-1
c-3-1
C-5-1
€-5-1
C-6-1
C-7-1

COMMUNICATION &

Manual Drive Controller

Synchronizer

Motor Drive Electronics (One per Wheel)
Drive Motor/Gear Box

Steering Actuator Drive Electronics
Steering Actuator

Emergency Controller

INSTRUMENTATION

D-1-1
D-1-2
D-2-1
D-3-1
D-3-2
D-k-1
D-5-1
D-6-1
D-7-1
D-8-1
D-9-1
D-9-2
D-10-1
D-10-2
D-11-1

D-11-2

Steerable Antenna

Steerable Antenna

Omni Antenna

A;%é;;é Selector Switéi
Antenna Selector Switch
Triplexer

Wide Band Transmitter (2)
Narrow Band Transmitter (2)
Signal Processor

Receiver (2)

Command Decoder (Z2)

Cormand Decoder (2)

Command Distribution Assembly
Command Distribution Assembly

Data Handling Assembly

Data Handling Assembly

HAZARD DETECTION

E-1-1
E-2-1
E-3-1

TV Camera
Hazard Sensor

Hazard Processor

FAILURE RATE
(106 HOURS)

FATLURE MODE

Short/Open

Motor Failure

Failure of Solar Sensors
Loss of One Battery
Loss of One Charger

No Output

Loss of No-Load Protection
in One Converter

Loss 28V Converter
Loss of One Regulator
Short/Open

No Output

Degradation/Failure
Loss of Sensor Output
Faulty Output

Loss of Output

Faulty Output

Loss of Video or Failure of Gimbal Drive
Loss of Output

Faulty Output

Loss of Output

Faulty Output

No Known Failure Modes
Loss of Output

Faulty Output

No Output/Faulty Output Jammed Throttle
No Output/Faulty Output

No Output/Faulty Output

No Output/Faulty Output

No Output/Faulty Output

No Output/Binds

Loss of Output

Drive Failure

Loss of Lock

Structural Failure

Inabiiity to Switch to Steerable
Inability to Switch to Omni

Loss of Output

Loss of One Transmitter

Loss of One Transmitter

Loss of Output

Loss of Receiver

Loss of Output of One Decoder

PER_EQUIPMENT

0.0
10.0
0.5
30.0
5.0
0.2
2,0

3.0
1.0
1.0
2.0

10.0
3.0
3.0

0L

.01

.12
Te5
Te5
7.5
7.5
0.0
10.0
101.8

5.0
15,0
5.0
12.0
3.0
1.0
2.5

25.7

25.7
0.2
0.01
0.01

6.5 (1)
3.4 (1)
1.05
3.9% (1)
2.4

Inadvertant Command Output When Not Required 2.4

Loss of Output
Inadvertant Output

Loss of Power Supply/Oscilator/Programmer
Portion

Loss of Single Channel

Loss of Video
Any Failure in Sensor

Any Failure

2,0
2.0
10.7

10.7

12

15
15



4.5.2,1 Electrical Power Subsystem

4.,5.2,1.1 Manned Mission
A. Astronaut Safety - The probability of astronaut safety (PAS) is defined

as the sum of the probability that an abort is not required plus the probability
that an abort is required multiplied by the probability that the abort is
successful. )
Fas= Fales T L= Pacts)] Ptls)
where te = total time of sortie
t,; = time required to safety abort
For the purpose of the relisbility enalysis, no astronaut walkback capability
will be considered for mission aborts. This approach is used since the oxygen
supply available from the PISS is limited when considering the L .23 hour EVA and
the rather slow walking rate of an astronaut. For the electrical power sub-
system tg is 3.73 hours (2 hr. traverse plus 1.73 hr science stops. The time
required to safely abort is .67 hours based upon the maximum vehicle speed of
15 Km/hr. and the maximum range from the lander of 10 Km.
For the electrical power subsystem a failure of any battery, battery charger,
S/A regulator, or bus will require an abort to easy walkback range. Using the
case numbers esteblished in the FME & CA, the following equations evolves
Rs =Ryt [~ Pacca)] Fies)
.DAS(M): -Rg )

where Vhs(s) = probability of astronaut safety for a single sortie

Pas(m) = probability of astronaut safety for the manned mission (5 sorties)

2
Pawsy= Parz-i Priz-| Pace-t Pam-d
P (t)= Pa-2-1 Pa-3-| Pa-¢-1 Pa--

B. Full Mission Success - In order to realize full mission success in the

manned mission an abort can not occur which would require returning and operating
the vehicle within walkback range of the lander. Therefore,
Rems(tevn = Prreva)

5
Pems (m) = Prms (Teva)
where PFMS (teva) = probability of full mission success for a single EVA

PFMS (M) = probability of full mission success for the manned
mission (5 EVA's)

P (teva) = PaB2-1 PA§3-1PA?6-1PA?-7-1

P (teva) - 3.90 hr. (10 min c/o, 2 hr. traverse,

1.73 hr science stops)
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Cc. Degraded Mission Capability - Degraded Mission Capability - Degraded
mission capability will be realized as long as a sortie can be accomplished
regardless of the range cepability of the vehicle. Trerefore degraded mission

guccess will occur if a failure occurs during c/o which necessitates restricted

range to assure astronaut safety or if an abort occurs during a
vehicle upon safe return is restricted in range. Therefore,

Rome (teva) =1~ Palteio) Pomc L o)+ Paite/)L P (es) ¥ ()
Pome (tevd) = L1 =Palt Yol Pome ts) + Pa (£</0) Pascs)

sortie and the

- Pates)) p(téﬂ

)
Pome (M) = PBme (teva)
where 1)DMC(teva) = probability of degraded mission capability during an EVA
't%ymim) = probability of degraded mission capability during manned

mission X . 2
E
Pactelo) = Pa-2-| Pa-3-1 Pa-to- Pa=11-0

V2 2 y 24 2
Pome (ts) = 2PA-I—\.PA-B—I'PA—CQ'l—DA—"\-\"'Pbc-l*l-DA‘ 3~ A6 \_PP:”\”\

4.5.2.1.2 Unmanned Mission

A. Full Mission success - Although the electrical power subsystem 1s

comple tely redundant, in order to accomplish to 1000 Km science

traverse within

a year only & single failure of the RTG No Load Protection and Converter or

solsr array motor can be tolerated. Therefore,

Peme (Lee)= Pa-i-TPa-1-3 PA=1 -1 PR 3 - Paca-\ 2 Pa-s
EPas-2- P:-s-{] Paeo- I?Pz'-'l-\'\)A—g-\(?- Pa-

-\':Pgtii“;]
-2 -—P;?—\—ﬂ

Peme (£55) = Paci- 1 Pai-1 Paca-1[2 Paos - Pac 5-\:%[2%\-5-1_?&—5*;3

‘P:'O'\Pkt'l-\.pﬂ'g'\ [2 PA-\-I"?K-\—
-R»'rds tr) = Rms (Lss) excePT tss=tRr
s
Pems(tp) = Pa-a-1{2Pa-5-1-Ph-s-1][2PA-5 -2 = Pa

5-2 ) Ph-a-1

B. Degraded Mission Capability - Degraded contingency operation exists in

the event that & failure occurs that essentially knocks out one
if the automatic array orientation device falls, inverter fails
No Load Protection and Converter fails. The consequence and re

gencies available are indicated in the FME & CA.

of the two busses,
, or it the RIG

sultant contin-

Bome (te0) = PA-- \Pa-a-\[2 Pa-s-1-Pacs-1) [2Pa-5-2 = Paes-a | i
Yl Pa-2- \ Pa-a- (pA-ta- \'PA..‘(_\ - (Fpp.‘ ..14'?;\_-5_\'\3;\.,(0-\'?’\__1_ ‘\ ]

—PDMQ (.tgs) =-PDMC (ttRr) excepy t=tss
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Pome (£r) = Pomclter) excert tatpg
Pome (£0) = Pactoi[2 Pacsa~Pacs-1 |2 Pa- 522 —-'P,Z:g-,] (A

4,5.2.2 Navigation Subsystem

4.,5.2,2.1 Manned Mission
A. Astronaut Safety - Since in the manned mission the navigation com-

putation is performed at the ground station and the vehicle communications

subsystems is handled separately, only navigation sensors need be analyzed

here. 'PAS(S) =?A (te) E\ - Pa (t.sﬂ P(‘Lé)

Pas (™) =-Pass (8) )
Palts) = Por-iPe-2-2| Pa\it4 P5~1-\("?5—l-!3—l?r5— 3-1 Pp-2-.

P (Ls) = ’Pe-s-s?a—s-z?s-'\-\

B. Full Mission Success = Full mission success can only be achieved if

there is no necessity to abort the vehicle, i.e., full range is available.

Therefore,

?FMS (S\ s ‘PB-IF\-pB'Z- IE -Pé-‘-\"'d p;-\-\(\"?a.h\ﬁva.a,.ﬂ)&-3-L

S
Pems (M= PEnsls)

C. Degraded Mission Capability - It 1s assumed that degraded mission

capability will exist even if no navigational data is attainable in the manred
Therefore degraded mission capability is limited only by the crew safety

mode .
probability.

Pome trenay = Li- Palke/a) | Pome (£a)+ PA e/o) PRS (8)
Pome (M) = Pbwe (heva)

Pome (te) =\
Patedo) z PaniP 4 B
0) 2 PeraiPa-r-2l Paciat 4 Pacio (=T ) 1 Bea oy Pryna
4.,5.2.2,2 Unmanned Mission B2 7[ 21l LA \( Bl lj_l e3 \DB 3L
A. TFull Mission Success - In order to obtain full mission success both

continuous navigation (either through use of Gyro or Solar Aspect Sensor) and

update will be required.
?Fms (tir) T TconTINUOUS Puvone

Pcommuous = EDB-1—|?&L~1+p&L—l-%-u-Z B8l
pB—Z-l’PB—l-l—PB- (.—\?e,— -2 Ye-8- \j
L)
\:PB~\—\‘\’ ‘ope?-\-\ (1- PB—\-\ﬂ
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PUPDATE = ?8-4—\?3-5—\ B-5-2

?Fms(_tss);Pvms(t R) = Poms ()= |

Degraded Mission Success - A degraded mission can be conducted if either
continuous navigation or update capability exists.

-
—PDMC (ter)= ['Pcommuow + -PUPDATE

CONTINUOUS prnej

Pome (Lee)= Pomc LtR)=?DMC(tD)=|
4.,5.2,3 Mobility & Steering Subsystem

B.

4,5.2.3.,1 Manned Mission
A.

Astronaut Safety - In the manned mode, the DIRV derives its mobility from
four (4) independantly powered wheels and a powered articulated jJoint for steer-

ing. In the event of single wheel motor failures, the associated motor can be

disabled and the wheel permitted to "free wheel". This permits the vehicle to

In addition the differential wheel
speed mode can be used to steer the vehicle in the event that a steering Jjoint
failure should occur.

Pasce)= Pa (ts) + =P, ]D&s

?A‘SU'\\" \As(s)

_PA(ts) = Peoi-t Feoa- |—*>c 3—\—Pc 4-1Fe- 5- \"Pc (A
_P(ta) = ?c-a— lPC-A-\’PC-W-\

B, Full Mission Success - Full mission success can only be achieved if the
vehicle has the full range.

-PFMSLQ" lAL‘Qg\/A)"’?C.-\-'—PC -2~ TPC 3~ \_PC 4- l-PC-S \'DC G-\
Prme(m) :?cms )
Degraded Mission Capability - Degraded mission capability will exist if

be driven by the remaining wheel motors.

c.

(1) a failure occurs during checkout and the vehicle is restricted in range of

(2) a failure occurs during the sortie that requires an abort.

?DMC. (-LE.\NQ = [\' ?Q (‘t Q/o)] (PDN\C L‘(_, SN)'\'?ALL- C—/O)’PP\S Cs)
5
?m me (m) = —PD m¢ (Levh)

4 4
-PA(J“/O) = -P-\-—‘Pc—l-rPQ-B-\(P —4-\?&5-\’?0(&-\
RN\C (ts)= P 3:\?24-\’?:."1-\
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4,2,3,2 Unmanned Mission

A, Full Mission Success - Full mission success can be achieved if a

failure occurs which requires that one wheel (out of six) be disabled or if
the steering actuator drive should fail requiring differential wheel speeds
for turning.

5 5 \
(P"""S@tt\‘?-l-\ ’Pc‘fa-\ :;(-"4-1'k Qpc—a—\raﬂ—l((' Pr:a-l Pc«wﬂ
?Fms (tse) =?FM3(+.2) -';PFms )=\

B. Degraded Mission Success - Degraded mission success for the Moblility

& Steering Subsystem is equal to the full mission success probabilities.

Poms ter) < Prms (eg)
-PDMS (Laa) = Poms & R) fpbms ko) =\

4,5.2,4 Communications & Instrumentation Subsystem

4,5.2,4.1 Manned Mission

A. Astronaut Safety - The Communications & Instrumentations Subsystem can

not fail by itself in any manner which would cause an astronaut hazard, i.e.,
loss of power, mobility, etc.
?As (s) = |

Pas (M) =1\
B., Full Mission Success - Full Mission Success can only be achieved if a

gsortie is not aborted or restricted in range. Although this subsystem by
itself is not safety critical, sorties will be aborted or restricted if voice
communication or subsystem performance data is lost. Therefore,
Pemg ey = P (RevA)
Pems(m) ;Pcsms&s)
P (:Leuﬁ){?—?b-\—%-)-wb-z-\ 0-3-1‘? -\-\eP --~~:PD-3—\ b-%—A
'PD.4-\ [’PD_S_\ (\'\'AD.B,\‘LE\)A)] EP -(o-\(\‘*»\b-c-l‘twﬂ]
B2 Bo-e- P -] L2 Po- 9o -Pho]

-\o-l?b-\\-l
C. Degraded Mission Success - A degraded mission can be conducted if

uplink command capability is lost, as long as any one transmitter is operative

and use of PPLS is available for voice communications. -

Pems ts) ® [2Bue Bt Po-3-1Po3 2 - Riey Porat Rocaei Roaa j
R-s-\(‘+Ab.5.|tevn)+ RtV Ao tevn) =

.Po-s-l D-¢-1 (1$Ap-5-1t cun) (\‘\"\AD -Q,-r(.w:xﬂ
-PD-4-\—PD~H—\E7-DD-8—\ = 058—*3
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'PDMS em) *_Pb?ﬂns(g,)

k.5 .2.4.2 Unmanned Mission

A. Full Mission Succesg -
?Fmg LttR) :.PD-\-\?D=1~\'-PD—3—'\-PD-‘4"‘[—‘>D‘ [ L\“\’ A'D- 5-) t—tﬂﬂ%—la—(\_g—lh\
z
[PD': -1+ )\'D_(_-lttll)] [?-PD—B-I'P;&—H[?;PD- 9"( D- 9"".1
Bems (tss)= Fems (tr) EXCEPT t=tssg
Prins (£o) = Rq-—t *z{%--s-m-:z—l@we;\(\* Ap-¢- \t%ﬂ
2R-51- D~€-ﬂ[f\>b-9~\%59-;&.%-\0”\?9"'\‘\
Ly=trfs , L=1r
‘?Fms (tp) = Prec. fpcommAU;P""“T
-PREC = R——)_-\?D—B—LPDD-A—I t=Lo
(?c.omrnhr\)b = Y_Z'Pb~9-\—w>b‘:—9~\\&?},--\o—\ s "‘-D/‘D
Pemt = [Po-ct1(ir Lpoent )4 Porst (4 Ap-s L) —
~PD-(0’TPD—5-'\ L\-\- \p- i t_x(\‘\' Ao-5 —\-L)]PD-\ \-1
w=toho
B. Degraded Mission Success -

“Poms ()< 2 Dbﬂﬂ%i?b-}?b-‘s—l“P%:—;Dbl:z—\ \ia—?&-x—ﬂ
-PD-"—\E-Pb—sq (\"\' An-s_\ixﬂvv- o=t (V4 DD G- Vvt X)-—
Po-5-1 Pp-t-t (14 Apen-rtd(F Av-em {*)J
[?:Db—i- \"?‘\5 -%- (S[Z:PD o- \"?\;.: Q- AR- 10~ ['?D- =1\
4 =tr =t x
Rms (tos) ?Dms (t4e) T=tes=tx

‘bbms (tr) Ppbms (tewr) +=twr Lx =~t?./5
Poms (o) = PFrms (tp)

4.5.2.,5 Hazard Detection Subsystem

fn

4,5.2.5.1 Manned Mission
This subsystem will not be required to operate during the manned mission.

4,5.2,5.2 Unmanned Mission
A. Full Mission Success - Both the TV Camera and Hazard Sensor and

Processor will be necessary for full success. Therefore,

.PFM S({LR) =(-Pe—\-TPE_“l~\ P&-},‘

-

and Pems (se) = -PFms (te)= -Prms (tp)=\
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B. Degraded Mission Success - A degraded mission can be conducted if the

TV Camers fails by using the experiment camera.

?%NWS(dwtx)=’?Aifl"\”RE"B“l

and

DDMS (teg) = ?Dms Cte) = Poms ey =)

4.5.3 Parts Environmental Requirements

A review was made of the envirommental differences between the AAP/IM-A and the
DLRV to determine the applicability of the AAP/LM-A Preferred Parts List (PPL)

for the DIRV. This PPL was chosen as a reference point since it is an out-growth

of the IM program and will assure compliance with MSFC Preferred Parts List
85M02716. Only common usage electronic parts such as resistors, capacitors,
diodes, etc., were considered in this study. Temperature, pressure-time, and
radiation are the significant envirommental differences between the AAP/IM-A and
DIRV missions, which might affect part acceptability. The affect of these
environments on the AAP/IM-A PPL was investigated.

As a result of this study it was concluded that the AAP/IM-A PPL is applicable
to the DIRV program with the exception of certain radiation susceptible semi-
conductor devices. Appropriate precautions will be required in the use of parts
which might be affected by the one year operational period on the moon. Further

studies are recommended for linear integrate circuits.

4.5.3.1 Temperature

Since the DIRV is to be stored on the lunar surface during lunar nights and will
be operational during lunar days, the possible temperature excursion could exceed
part capabilities. A typical part on the AAP/LM—A Preferred Parts List is rated
from -85°F (-65°C) to + 257°F (125°C), with some parts rated to only +77°F (25°C)
at full power, e.g. BWR wirecound power resistor with derating at high ambient
temperature. This apparent problem is resolved, however, since the DIRV will
generate heat in its RTG and have passive cooling capability. The equipment

temperature ranges are shown in the previous section, Thermal Control.

4.5.3.2 Pressure-Time
The DLRV pressure-time environment will be more severe than that of the AAP/IM-A

because of the longer duration without any atmosphere. Certain parts, such as
composition resistors, wet electrolytic capacitors, and potentiometers might be
affected. These may be used if protected by encapsulation, potting, or a
hermetically sealed assembly. However, potentiometers should not be expected to
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operate as moving devices i.e., manual controls, position sensors, etc., in a
vacuum.

An importanx‘consideration is that the dielectric breakdown voltage of a gas has

g minimum value. This minimum for a typical geometry occurs at a pressure
equivalent to approximately 100,000 ft. altitude. Therefore, equipment with high
voltages should be hermetically sealed or thoroughly potted if operated during and
after the launch phase, or fully vented if not operated during launch.

4.5.3.3 Radiation
Solar flare protons present the most sericus natural radiation hazard for a moon
based vehicle. This environment is highly indeterminate, varying from day to day
as well as from year to year. It can be calculated only on the basis of probabil-
ity of occurrence. The results of such a determination using the NASA Apollo
solar flare model are presented in the Table L.5.6 below.
TABLE L4.5-6
SOLAR FLARE PROTON ENVIRONMENT

Minimum gE>E) p/cmg-year x 10710
Proton Energy For various grobabilities of occurrence
Eo(Mev) - p = 10% p = 1.0% p =0.1%
; Removed by
10 1.37 8.0 34,3 ) Inherent Shielding
20 0.58 3,40 14.6 4
30 0.300 1.75 Te5 Potential
Lo 0.21 1.2 5.1 | Problem
50 1.15 0.9 3.7 | Exists
75 0.07 | 0.4 1.8 §
100 0.04 0.2 1.0 SAFE

Radioisotope thermoelectric generators (RTG) can provide undesirable side effects,
a radistion environment consisting of neutrons and gammas. The exposure level of
these radiations are highly dependent on the type of RTG and the distance from the
RTG. A power source of SNAP-19 type, that utilizes Plutonium-238 as the energy
producing radioisotope, results in an environment, at a distance of one meter,

equivalent to a fission neutron flux of 6 x 101°

neutrons per square centimeter
per year and a 1 Mev gamma dose rate of 20-80 roentgen per year (R/year) .
Other RTG's, such as those using Curium-2LL, have much higher (by several orders

of magnitude) neutron and gamma leakage fluxes.
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The effect of damage produced by each radiation type in a mixed enviromment can
be compared using radiation damage equivalents. The equivalences utilized in
this study weée:

A. 10 n/cm2 (fission spectrum neutrons) = 1 p/cm2 (solar flare protons) for
producing displacement damage in silicon devices.

B. 1R (I1Mev equivalent gammas) = lO6 p/cm2 (solar flare protons) for
producing displacement damage in silicon devices.
To provide a more realistic assessment of radiation vulnerability it was assumed
that all semiconductors have cases that shield against protons with energies below
10 Mev, but are transparent to gammas and neutrons. No shielding due to structure

of "black boxes" was assumed.

L.5.3.4 Radiation Vulnerability

Using the radiation equivalences indicated in the previous section it is clear

that solar flare protons present the only radiation hazard to this mission. A
literature search has been made to determine the levels at which radistion induced
failure can occur in AED-255-1 parts, and the modes of failure. Table 4.,5-13
lists this information for vulnerable parts with comments suggesting hardening
approaches. A brief discussion of the hardening approaches follows:

1. Shielding - Because the dominant radiation hazard is solar flare
protons, which require little shielding when compared to that required for neutrons
end gammas, shielding is an attractive hardening technique. Nonvulnerable
equipments such as batteries can provide most of the shielding.,

2. Derating - When devices do not fail catastrophically it is possible
to increase radiation tolerance by derating. One type of derating is to operate
& device at less than rated power -- a technique which is suitable for power
diodes. A second type of derating involves use of circuits which are insensitive
to changes past performance affected by radiation. This approach is useful for
transistors where the change in the emitter current gain, B, is the radiation
sensitive parameter. Derating techniques cannot be used for SCR's and PNPN
devices which may fail catastrophically in a radiation enviromment -- these
parts must be shielded, and/or preselected.

3. Preselection - This hardening approach, the feasibility of which has

been demonstrated by Grumman Research, offers great potential for hardening parts

with wide ranges in fluence-to-failure and which fail catastrophically, This
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technique is based on irradiating a population.of parts of a given type from a
given manufacturer with a fluence representative of the mission dose; selecting
the most resistant parts; removing the radiation damage from the selected parts
with high-temperature short-duration annealing, and using the selected parts in

systems.

4,5.,4 Hardware Test Requirements
Contained within Volume VII - Sect 2 is the overall DLRV Test Plan which

includes the development, qualification, and acceptance test requirements for
all hardware, subsystems, and vehicles. This section will discuss the rationale
which was used in establishing the test requirements for DLRV hardware as shown

in Table L4.5-8,

4,5,4.1 Development Tests

Development tests will be conducted on all hardware not previously qualified
to environments compatible with those of the DLRV. The scope of these tests
will vary depending upon the extent of modifications from existing designs.
Development tests are divided into design feasibility tests (DFT) and design
verification tests (DVT). DFT are conducted on preproduction hardware to
substantiate component and part selection, material selection, investigate
breadboard models under various environmental conditions, and to substantiate
safety margins or other analytical assumptions. DVT are conducted on hardware
which, as far as possible, reflects the intended production units. These tests
will provide an early screen of possible design deficiencies. The test will
verify effects of combined environments and out-of-tolerance conditions, and
off-1limit tests will determine failure mode/weak link characteristics and
substantiate design margins.,
An evaluation was performed using IM test program results to determine if a
strict DVT program was effective., Figure h.5—7 shows the difference in test
results obtained when equipments had complete environmental DVT programs as
compared to equipments having limited or no environmental DVT programs. The
following conclusions become evident:

o Strict DVT exposed four (4) times as many design deficiencies prior

to qual.
o Strict DVT reduced costly qual design deficiency failures by two-thirds.
o The number of failures experienced during vehicle level tests were

about the same,
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NO. FAILURES/UNIT TESTED

NO. FAILURES/UNIT TESTED

—1

1

DVT QUAL ACC PIT

A. LIMITED OR NO DEVELOPMENT PROGRAM

VEH

DVT QUAL ACC PIT

8. STRICT DEVELOPMENT PROGRAM

FIG.45-7 EQUIPMENT FAILURES WITH/WITHOUT DVT PROGRAM
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The major benefit to be derived by implementing a strict DVT program is that it
will cull out deficiencies early in the program and thereby significantly reduce
the need to retest and retrofit., The cost related to a failure requiring retest
which happens durihg Qual/Accept are ten times higher as opposed to a failure
that occurs during DVT., Since a strict DVT program was found to reduce the need
to retest by 2:1, it can be seen that a strict DVT program is cost effective.

In addition it can also be shown that it is also schedule effective. Therefore
Grumman strongly recommends that the DVT program be a constraint to start of

hardware qualification tests.,

4,5.4,2 Qualification Tests

Qualification tests will be performed to verify that production hardware meets

the performance and design requirements under the anticipated operational
environment. Qualification tests will be performed on two sets of production
hardware in accordance with approved test procedures. One set of hardware will
be subjected to design limit tests (DLT) and endurance tests will be performed
on the other set of hardware. The DLT will subject the hardware to flight
simulation tests of the operational cycle at design limit levels, Design limit
stress levels are higher than the maximum mission levels. Therefore, successful
test completion will demonstrate existence of safety factors for all critical
modes under combined environments and combinations of tolerance and drift of
design parameters. Endurance tests subject the unit to mission level environ-
ments using operating time, rather than stress level, as the critical parameter
to affect an equipment's function. The duration of such an exposure is normally
the equivalent of one complete operational cycle plus one additional flight,
deployment and lunar operation cycle. An operational cycle is defined as ground
operating time plus flight, deployment, and lunar operation time.

When one looks at the lunar operational time of 14 days in the manned mode and
one year in the unmanned mode it becomes apparent that to test for this period
of time would be both cost and schedule prohibitive. The manned and unmanned
modes closely resemble the duration and mission of the IM and OAO spacecrafts
respectively and therefore the test experience gained on these programs are
applicable., Figure 4,5-8 indicates the three qualification endurance test
alternatives that were considered. The first alternative suggests full mission
duration tests for all hardware and would result in the highest degree of

confidence for both safety and mission success. This alternative was rejected
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because it is cost and schedule prohibitive. The second alternative considers
endurance tests for the duration of the mannéd mode only. This would mean
assuming an unduly high degree of risk of completing the one year unmanned
mission. The third alternative combines the technology gained on the IM and
OAO programs and is the recommended approach., Due to the risk of life, endurance
tests will be performed on all hardware for the 14 day duration. For the
unmanned mode, hardware will be reviewed for known limited life items such as:
motor, gears, battery cells, etc. These items will be qualification tested for
the equivalent duration of the unmanned mode with consideration given to duty
cycle and possible accelerated testing., These tests will be performed at the
lowest possible level of assembly, below the hardware level, in the interest

of economy., This approach was successfully instituted on the OAO program.

By conducting endurance tests on all hardware for the manned mode and performing
endurance tests on known limited life items, safety confidence is maintained

and also a good measure of mission success confidence in the unmanned mode will

be obtained,

4,5.4,3 Acceptance Tests

All production units will be subjected to an environmental acceptance tests to

verify quality. Table 4.5-8 indicates the typical acceptance test cycle. High
temperature burn-in will be used to weed out latent quality defects prior to
environmental testing. The duration of burn-in will depend on the hardware and
whether the unit has inherent limited life characteristics, For electronic

hardware, a 50 to 100 hr. burn-in has proven very effective.
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SECTION 5
MOBILITY SUBSYSTEM DESIGN

The components of the mobility subsystem are the chassis, suspension, wheels,
wheel drive, and steering system., In this section preliminary designs for these
components are presented, and the rationale 1eading to the selection of the

specific approaches is given.

5.1 CEASSIS

The DLRV chassis is a structural system comprised of three units connected by
Jointed structural members, This system is designed to serve a dusl purpose,
While being transported to the lunar surface in the delivery veéhicle, it supports
all vehicle-mounted components including wheels and suspensions. After deployment
the chassis becomes an integral part of the mobility system, providing the
structural continuity between the suspensions to support the crew and science
equipment and the subsystem components. A high structural spring rate is required
of the chassis when stowed in the delivery wvehicle to minimize dynamic load
magnification to the chassis-mounted equipment during launch.

An important guideline in the design of the chassis is the achlevement of a
minimum weight design through a meximm of structural efficiency. However,
materials and construction methods must be chosen to be achieveble withim a
realistic development schedule,

2.1.1 Design Requirements
Since the DLRV is carried by the IM derivative lunar landing vehicle, it shares

the same structural environment, This environment, described in section L,3.1
and in Annex A of the Work Statement, specifies the levels of acceleration,
vibration, and acoustic pressure expected, Failure of chassis structure or
attachments to it during launch could be disasterous; therefore, the chassis must
meet the same integrity requirements as the IM structure,

Structurel requirements while operating on the lunar surface generally will not
exceed the launch and landing conditions except in local areas. Vehicle operation
design load conditions are applied with an ultimete load factor of 1.5 over 1limit
load.

T1/I.5-1




The chassis design must provide sulteble attachment provisions for all equipment/
science items. Also, hard points for GSE cradling as well as 1ift lugs for

hoisting must be provided. All portions of the chassis structure which might come
in contact with the suited astronaut must present a smooth surface to prevent suit

damage.

5.1.2 Chassis Preliminary Design

The DLRV chassis’ structural arrangement is presented in four arawingsFigure 5.1-1
ghows the control and power module chassis in the stowed condition and Figure
5.1-2 shows these elements as they appear deployed for operation, Figure 5.1-3
shows the science module chassis with its support structure as stowed and Figure
5,1-L4 shows the unfolded condition. Presenting the conditions separately is done
not only for clarity, but to show the different structurel systems involved in the
stowed and deployed conditions.

Each chassis is a riveted assembly of beam members utilizing efficient structural
shapes between primary attachment fittings. ZEach 1s covered with a web on the
upper surface to resist body shear loads during running and to provide shear
continuity end torsional strength while stowed. Aluminum elloy 202k is wed for
its good strength/weight ratio at the temperatures encountered, low cost, and
well-developed fabrication techniques, Chem milling is employed to ensure
efficient load distribution and minimm weight.

The riveted assembly method was chosen despite the overlap inefficlencles

because the light guages used are less than minimum required for welding ha.nd
would require thickening at the joints, Additionally, considering the low

number of units to be 'ma.nui‘actured, the cost of automated welding would be
prohibitive and possibly lead to further design inefficiencies to facllitate
manufacture. |

Tn the stowed configuration, the two chassis members are structurally tled
together with shear pins to teke advantage of the combined depth for beam loading.
This combination is designed to efficlently distribute all applied loads to the
three tie-down support points., Also, while in this folded position the combined
elements comprise a tarsionally stiff box. Where possible, load paths for

stowed and running conditions have been made to coincide to minimize the number
of structurel members. The chassis inherently has adequate internal space for
the deployment mechanisms and wiring harnesses,
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While operating on the lunar surface, the chassis elements with the connecting
drawbars provide the beam structure between suspension. The drawbars provide
separation and clearance for articulated steering and include pitch and yaw
pivot joints, They resist horizontal and vertical bending loads; however, the
open section design provides intermodular torsional flexibility, eliminating the
need for a rotating joint,

Attachment provisions have been made for crew support, science equipment, and
vehicle subsystem components. Vehicle subsystem equipment is mounted to plate
structures which can provide "tallored" thermal control and which can be

easily changed for mission flexibility. These plates are attached to the DLRV
chassis via fiberglass thermal isolators at a minimm of attachment points,
Careful attention has been given to exposed surfaces and edges to eliminate
Protrusions which might cause suit snagging. In vulnerable areas, a plastic
guard 1s provided to cover projecting structure,

During all earth checkout and test operations with the deployed vehicle, it must
be supported at the chassis to prevent overloading the wheels and suspensions.
Hard points for this purpose are located to coincide with points of application
of operating loads. Also, a hoist lug is provided for use in th folded configura-
tion for handling.

An important feature of the chassis design is its ability to accept a load increase
due to mission growth without major redesign., A few thousands of additional
material can be added in any critical area with no impact on the basic mobility

system.

5ele3 Thermal Considerations

The crew station and chassis thermal control requirements are governed largely

by touch criteria, which specify that surfaces must be safe for the crew to
touch, or be thermally shielded (Exhibit 5 of DLRV Work Statement).

Because of the severe dust environment anticipated, selective optical thermsl
coatings could not be relied on for long vehicle-operating periods without some
provisions for cleaning. Since cleaning is impractical for the chassis structure,
selective coatings were not considered.

Thermal analysis was done assuming the vehicle to consist essentially of gray
surfaces having a solar absorptance and infra-red emittance of 0.85 or greater.
The connections of the chassis structural elements are designed to provide

adequate thermal conduction paths, so that solar heated surfaces are always in
contact with cooler shadowed surfaces. For top-surface-to-side-surface ratios
IT/I.5-11



greater than 2.5, maximum temperature due to envirommental heating will be in

the range of 180°F. ©Since lunar dust has absorptance and emittance values in the
same 0.85 range used in the analysis, no change due to dust contaminatim is
expected.

Additional heat loads will be imposed on the chassis due to dissipation from
electrical wiring, which will run sbout 0.7 W per linear foot at maximum power
locations. This additional thermel load should not raise temperatures above the
gllowsble 250°F touch requirement, unless the insulation provided by dust deposits
is unexpectedly high. (The resistive effect of dust accumulations is. shown in
Figure L, 4-60f the Thermal Analysis Section,) It appears unlikely that dust will

cover the chassis thoroughly enough to cause a thermal problem.

5.2 WHEELS

The mobility capebilities of the DLRV depend greatly on its wheel configuration.
As a component, the wheel must satisfy the rigorous DLRV requirements of weak
soil mobility, steep slope and obstacle negotiability, and applied vehicle loadings.
Generally, the larger the footprint ares, and the aspect ratio of this ares,
the better the mobility performance. Footprint area and its aspect ratio are
functions of both the diameter and the flexibility of the basic shell of the
wheel, hence, of the weight of the shell, Ideally, the search for the optimum
wheel size and flexibility should be based on a trade-off analysis between wheel
weight on the one hand, and a number of tangible and intangible factors such as
power requirements ,weight andiyhamlc characteristics of the wheel, and overall
probability of mission success on the other hand. Considerations of these factors
have been made; however, the trade-off analyses have been constrained by stowage
volume. The vertical and lateral space allowed by stowage considerations has
restricted the diameter and shape factor of the wheel, Coupled in with these
functional requirements are the constralnts of low component weight, high opera-
tional efficiency, and maximum mechanical religbility.

Four epplicaeble wheel candidate designs were studied and evaluated, The conical
wheel concept was selected from the eveluation since it best suited the combined

wheel requirements for the DLRV,

5.2.1 Candidate Evaluation
A number of wheel designs was considered, but the cholice was narrowed to four

for finel evaluation. These were conlcel, convoluted conical, multi-element,

end wire frame concepts, The first two of these have been prototyped or modelled

II/I.5-12




at Grumman. The next two were analytically and graphically studied using prior
LSSM designs established for the evaluation., Figure 5.2-1 shows the wheel candi-
dates,

The results of the evaluation are summarized in Table 5.2-1 where a listing of nine
evaluation criteria and their relative importance are shown., Weight and reliability
received special emphasis; the former because of the tight weight budget on the DIRV
and the fact that six wheels are involved, and the latter because of its importance
in the successful completion of the prolonged mission.,

The cone wheels’ strongest points are its light weight, high reliability, and
favorable structural characteristics, Tts weight for the large diameter wheel was
the lightest of those compared. Its reliebility is enhanced by its self-cleaning
tendency and itspost-failure behawior.(Cradks at the rim propogate into lower
stress areas where degradation proceeds slowly.) Gradual stiffening rather than
hard bottoming, high torsionel. and side load capability, and low one-"g" stress
loading (implying long fatigue 1ife) are all desirable structural charzcteristics,
On the negative side, the cone wheel requires more stowage volume. With the
selected stowage armngement, much of the volume taken by the wheel comes from the
crev station,where it would not¥euseble for permanently mounted equipment in any
event; however, there is a loss of about 15% in usable stowage vc.ume with cone
vheels. This disadvantage is reflected mainly in growth cepebility, since there is
adequate volume to stow all required equipment and science with any of the wheel
@ndidates.

The conical convoluted wheel offers many of the advantages of the cone wheel but
it tekes less stowage volume. The folded geometry produces & moderate bottoming
effect at about 2 g, and it allows for somedbris entrapment,

Both the multi-element and wire-frame wheels are assembled units, limited in size
because of their weight and low striictural efficiency., Their welght 1s higher
than that of the larger cone wheels, They have good locomotion performance (in
terms of drawbar pull and efficiency) and a low stowage volume requirement,
However, they are sensitive to debrls entrapment and have undesirable structural
characteristics (hard bottoming, high static stress, flexibility under torsional
and side 1oads). The multi-element wheei is especially unsatisfactory in post-
failure behavior, in that a single element failure propogates to adjoining
elements producing a rapid disintegration.

The evaluation given inTable 5.2-1led to the conclusion that the cone wheel is

II/I.5-13
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the best choice for the DLRV mission. The convaluted cone has potential, but it
requires considerable development. The wire frame and multi-element wheels appear
much less attractive, with the wire frame being a slightly better choice.

5.2.2 Material Selection
An outstanding feature of the conical wheel is that it permits fabrication from

a wide selection of candidate materials, Table 5.2-2 lists these candidates

and compares the resulting wheel designs on the basis of their weight and structural
and mission capabilities, The table presents properties at the maximum wheel tem-
Perature of 300°F; lower or negative temperatures yield higher material allowablesand
are therefore less critical. The various wheel designs all have identical
spring rates and the same general size and shape. In the critical weight comparison,
the lightest wheel is found to be the aluminum one, with the fiberglass reinforced
plastic (FRP) being a close second. The other materials are substantially heavier.
Overload capability and fatigue life are also very important., The FRP and titanium
wheels, with their low ratios of static stress to endurance limit, should have good
fatigue characteristics. The greater the overload capability of a wheel, the more
forgiving it will be to operational hazards, such as obstacle encounters. The FRP,
titanium, and hybrid wheels (titanium/aluminum) are equally good i1 load capability;
the aluminum wheel has the least capability. Based on these results, FRP was selec-
ted as the wheel material for DLRV.

Extensive studies of the permanence properties of fiberglass/epoxy show that in air
or under vacum this material degrades primarily as a result of UV radiation., If
the surface is protected from UV, there is no degradation, as shown by aging tests
equivalent to one year exposure. The protective surface selected for this applica-
tion is a .002-inch pigmented tedlar film integrally molded onto the wheel.Trevarno
F-161 impregnating resin has been thoroughly tested at Grumman under in-house pro-
grams and under a contract to PLASTEC Corp. to provide data for the new edition of
MII~HDBK-1T. This is an excellent high-temperature resin and it retains much of
its strength at temperatures as high as 400°F, Under low temperature, fiberglass
becomes considerably stronger with little change in its modulus. "E" glass fabric
may be used; however, "S" glass is a better choice since it provides at least 20%
higher mechanical properties and in addition appears to have superior fatigue
properties.,

Since the wheel component is critical to the design and performance of the DLRV,

1t might be advisable to carry a backup design of titanium or the hybrid
titanium/aluminum into the hardware progrem. In this way, should any unforeseen
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problem arise with the FRP design, a completely compatible alternative would be
available. (Grummen is pursuing in-house fabrication technology for both hot
spinning and cold forming titanium.) The hybrid wheel design, which uses an
aluminum hub section and a titanium rim offers good thermal and structural per-

formance at a relatively low weight.

5.2.3 VWheel Preliminary Design
The design criteria for the wheel evolved from the configuration studies, and the

mobility, dynamics and loads results discussed in Sections 3 and 4. These criteria

are sumnarized in Table 5.2-3. Because of the large differences in static loads
on the wheels during the mission, it was found advisable to design two wheel
configurations, one for the heavily loaded ontrol module, the other for the more
lightly loaded power and science modules.

The preliminary design of the cone wheel is shown in Figure 5.2-2. It consists
of three basic elements, a nominal .060-inch thick conical shell of revolution
measuring 36 inches in diameter and 15 inches in depth, twenty four grouser
cleats fastened in a space-link arrangement to the wheel rim section, and a .090-
inch diameter cable assembly which interconnects the cleats aiding their support.
The wheel assembly with cleats attached has a 38-inch diameter and & 17-inch
depth. ,

The conical shell element provides the wheel assembly with its necessary spring
and structural characteristics. A combination of shape, thickness distribution
and materials is used to achieve the desired cone wheel characteristics. The
conical shell is fabricated from fiberglass reinforced plastic using style 778
fiberglass and Trevarno F-161 epoxy resin. A thin surface coating of Tedlar
provides protection against ultraviolet radiation and improves wear resistance.
The grouser-type cleat is used to enhance the wheels traction and obstacle
negotiation capsbility. Titanium alloy Ti-6AL-LV has been selected for the cleat
material because of its superior resistance to abrasive wear and its thermal
properties. The cleat has an open right-angle cross section allowing 1t to
penetrate the lunar soil and perform its grouser thrusting action. The cleat
spacing selected is based on consideration of assembly weight, cleat reliability,
and soil—bridging.effects (as reported in Section 4.1.1). Less priority has
been placed on configuring the cleats for flotation since current mission data
indicates that the lunmar surface has sufficient strength to support the applicable

wheel loads.. A perforated open-angle titanium cleat, 11.6 inch long has been
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TABLE 5.2-3 WHEEL DESIGN CRITERIA
CONFIG, "A" CONFIG, "B"

Static Design Load 55 it

Wheel Dia. with Cleats ( 1b) 38 38

Max. Redial Load ( 1b) 300 220

Max. Leterial Load ( 1b) 17k 127

Max. Torque ( lb-ﬁt) 100 100

Effective Soil Pressure (psi) 1.0 1.0

Thermal Range (°F) +300 +300

Life Cycles (Revs) 1o6 1o6

Max. Design Weight (1b ) 12.4 ‘ 11,k

Cleat Type Grouser Space Link (Typ.)

Cleat Length (in.) 12 ' 12

Number of Cleats ok 2k

B

.Configuration "A" - Control Module Wheels
Configuration "B" - Power esnd Science Module Wheels
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selected for the wheel. Tests have shown that a negligible increase in wheel
rolling resistance is attributable to the cleat system. A feature of the grouser
cleat system is the intercleat tensile attachment which acts to stabilize the
cleat in active contact with the lunar surface and distributes the concentrated
loads eround the rim. This permits a lighter weight fiberglass cone to be used.
A .090-inch diameter stainless steel flexible cable assembly is used for the
intercleat member. The shape of the wheel is determined by load/deflection
requirements and delivery vehicle stowage envelope constraints. The 38-inch
dieméter is the largest stowable wheel. The 17-inch depth and associated curved
shepe is designed to provide an initially soft spring rate to develop a large
static deflection and footprint, followed by gently stiffening characteristics
for overload. The hub area is flat and reinforced with a lightweight core filler
to provide additional strength and to accommodate the wheel drive assembly.

5.2.4 Structural Analysis and Test

The cone wheel structure consists of a thin open shell of revolution. Deflections
at the rim can be very large, making any analysis of the area quite difficult,
Experimental test results have been used instead to form an empirical basis for

the cone wheel design.

The area from the hub to a region near the rim is not subjected to such large
deflections, and can be more readily analyzed. GCrummen has a shell computer
program (STARS IT) that is capeble of analyzing any structure that can be idealized
as & combination of varying thin surfaces of revolution, including cylinder,
ellipsoid, ogive, paraboloid and cone. The program obtains solutions to the
equations of elasticlty using assumptions of small displacement theory, and can
handle symmetric and unsymmetric loadings. It has been used successfully at
Grumman on e varlety of shell structures including, among others, IM propulsion
tanks, IM landing gear and foot pads. This program was used to size the cone
wheel in the low deflection regions away from the rim.

Extensive full scale testing on a l/5~g FRP cone wheel has been used to augment
the analysis. Figure 5.2-3 shows an instrumented wheel undergoing static testing.
Normael loading on a flat surface, concentrated loading, end combined normel and
drag loading conditions are shown. Note that the deformed shape under the concen-
trated load differs little from the flat surface load, Indicating that there is

no extreme stress build-up in the viecinity of a concentrated load with a cone

wheel.
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The load-deflection curves for a wheel with and without cleats are shown in
Figure 5.2-4, The behavior is that of a nonlinear hardening system; the low
initial stiffness allows the desired large footprint to develop under static
loading, while the high stiffness in the upper load range provides favorable
overload characteristics. The effect of the cleats is to provide reduced initial
flexibility and increased overload stiffness, both desirable characteristics.
Circumferential and meridional stress distributions are shown in Figs. 5.2-5 and
5.2-6. The most critically stressed area for both dynamic overload and repeated
loading occurs at the rim edge of the wheel where stresses of the following
magnitude were indicated:

o 10,000 psi for nominal static load of 50 1b (1—g equivalent)

o 18,000 psi for high combined loading: vertical 150 1b (3-g equivalent)
and drag 110 1lb

o 24,000 psi for radial overload of 250 1b (5-g equivalent)
Although these tests have not yet been carried to failure, the results indicate
that the typlcael failure mode will manifest itself as a meridional crack init iated
by an overload at the rim edge. The decreasing stress fleld in the direction
of crack propogation will retard its development, providing the wheel with inherent
fail-safe properties.
The relatively low operating static stress level (less than 10,000 psi) compared
to the allowsble fiberglass flexural strength (about 59,000 psi) indicates ample
fatigue life for the tested wheel. This is particularly so in view of the lack

of stress concentrations inherent in the cone wheel design.

5.2.5 Thermal Analysis
The thermel environment for the wheel is derived from a rediation interchange

between the wheel traction drive, the lunar surface, the sun, and -L60°F space.

A detailed network computer analysis was performed to evaluate the

design approach.

The thermal load from the traction drive results from inefficiencies in the motor
and gear reduction unit. Table 5.2-4 shows these loads for various wheel drive

load requirements,
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TABLE 5.2-4 TRACTION DRIVE THERMAL IQAD

Load and Speed Motor Gear Box Total
1 km/hr and 4 £t-1b 1.03 0.2 1.2
2 km/hr and 4 ft-1b 1.33 0.4 1.7
16 lkw/hr and 4 £t-Ib 13.5 5.5 19.0
16 km/hr and .6 deg climb | 4L4.0 6.0 50.0
1 km/hr and 2 deg climb | 40.0 6.7 L6.7
2 Ikm/hr and 25 deg climb| 60.5 7.2 67.5

A conservative dissipation of 50 watts was used in the analysis. Using the
environmental data supplied by Annex C of the Statement of Work, lunar. and solar
incident radiation loads were computed., Figure 5,2~7 depicts these load levels
and shows the worst-case solar elevation angle to be T5°,

The results of the analysis conducted are sumarized in Figure 5.2-8. This analysis
assumed that no selective thermal coatings were feasible because of the severe

dust expected in this area. The thermal resistance due to dust was taken as that
caused by a 0.002-inch build-up, a value considered achieveble with  mechanically
wiped surface. (See Section 4.4.1 for the effects of dust on thermel resistance.)
For the selected drive units, wiping of the inner wheel hub area was considered
impractlical; as an alternatlve an additional 1.2 ft.2 of a conical radiator was
added. This radlator design can be more easily wiped and will provide temperatures
in approximately the same distribution shown in Figure 5.2-8.. This design
approach permits further growth if required by future operations.
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5.3 SUSPENSION
The selection of the suspension system for the DLRV required consideration of a
number of factors: stowage and deployment, steering system, weight allocation

for the suspension system, and the wheel/suspension functional interface.

The DLRV stowage arrangement requires that the suspension assembly be both
foldable and readily deployable with the structural integrity to take delivery
and ground running loads. The selected chassis articulation steering design
simplifies the suspension since it need not operate in conjunction with any
steering mechanism such as an Ackermen system would require. Weight is a major
constraining factor when deciding upon the type of system due to the number of
DLRV wheels and their accompaning suspension assemblies. Finally, the suspension
system must be integrated with the wheel and chassis components to provide the

proper stroking geometry, load reaction, and flexibility.

5.3.1 Candidate Evaluation
Three basic suspensions were considered and evaluated for this study. Inherent

DIRV characteristics limited the selection of candidates to the trailing arm,
swing arm, and the parallel arm suspension types. Figure 5.3-1 i lustrates and
describes the types of suspensions. Since the three-module concept is being
used for the DLRV configuration, the suspension type selected will be typical
for all three modules with minor design differences to accommodate stowage

requirements.

The decision to configure the DIRV as a three-module assembly having two
extendable intermodular drawbars cancelled the primary reason for using the
trailing arm suspension design; namely, to acquire added wheelbase while
maintaining a method for wheel stowage. Further, the methods applicable for
stowing the multi-modular DLRV, while maintaining acceptable accessibility to
critical equipments during spacecraft buildup and "on-pad" checkout eliminated
this candidate approach. The study evaluation was then limited to the swing

arm and parallel arm concepts.

Table 5.3-1 lists the individual criteria and value factors which were used to
conduct the selection evaluation. The evaluation clearly pointed out the
disadvantages of the parallel arm suspension for most criteria being considered.

Briefly reviewed, the parallel arm system is a more complicated arrangement
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requiring additional pivoting linkages and deployment locks. A velocity
sensitive damper is needed for shock attenuation, whereas the swing arm
concept uses wheel lateral motion for ground scuffing as an effective means
of vehicle damping. Both analog computer runs investigating vehicle dynamics
(Section 4.2) and Grumman's full scale lg rover simulator have verified the

vehicle's satisfactory performance using wheel scuff damping.

The 6 x 6 weight penalty associated with the parallel arm concept is prohibitive;
it is estimated to be a 19-1b  increase over the swing arm. This weight and
mechanical complexity areused to insure that the wheel follows a vertical path
during suspension motion, a requirement which is not necessary when using the
conical wheel. The vulnerability of the shock absorbers to the lunar environment

is a further liability of the parallel concept.

Lastly, consideration must be given to the extent to which the DLRV suspension
will be used. The unmanned mission, which is the major portion, does not
require much more than ordinary wheel flexibility to maintain acceptable per-
formance. Consequently, any penalty in weight and reliability to the DLRV

above the minimum as needed by the swing arm suspension is not jus .ifiable.

On the basis of the above results and the scores listed in Table 5.3-1, the

swing arm suspension system was chosen for the DIRV.

5.3.2 Suspension Preliminary Design

The design requirements for the suspension system are derived mainly from the
manned mission phase. This part of the mission produces 50% greater wheel loads
on the control module and, as in the case of the wheel component, two designs

are used - one for the control module and one for the power and science modules.
Table 5.3-2 lists the design criteria for both suspensions, i.e., config. A"
control module, - config. "B" science and power module. These criteria were
established through an iterative process of vehicle design changes and system
parametric assumptions. The process continued until the DLRV

configuration was decided upon and analog computer results indicated satisfactory

dynamic performance.

The control and power module suspension system designs are shown in Figs. 5.3-2
and 5.3-3. The science module suspension details are similar, except for the

two-position feature, which is not needed. The suspension combines a flexible
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TABIE 5.3-2

Suspension Design Criteria

Config. "A"

Wheel Radial Load (Static) - 1b. 55
Wheel Radial Load (Mex) - 1lb. 300
Wheel Lateral Load (Mex) - 1b. 17h
Wheel Torque (Max) - 1lb.-ft. 80
Wheel Tread - in. 11k
Ground Clearance: - in.

Manned 19.5

Unmanned 3k
Max. Stroke - in. 16
Spring Rates: - 1b./in.

Suspension Spring 10.

Overload Spring 90
Life Cycle lO6 full

-1 travel
Damping - 1lb.-sec.-ft. 10
Max. Weight - 1b. <5
Thermal Range - (°F) +350, -250
Torsional Rigidity - (in.-lb._l 1000
degree

Note: Config. A - Control Module
Config. B - Power & Science Modules
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wheel, a semi-rigid wheel strut, and a torsion-bar spring attached to the chassis.
Upward motion of the wheel is resisted by the support strut reacting against the
chassis-grounded torsion bar.

Suspension damping is inherently provided by wheel-to-ground scuffing which is
achieved by the change in tread that accompanies suspension deflection. The
effective lateral coefficient of friction for a rolling wheel is a linearly
increasing function of sideslip angle up to about 12 deg and is relatively
constant for greater angles. Thus, the damping obtained is inversely proportional
to vehicle forward velocity above the low speed range. The normal force between
the wheel and ground is the variable wheel load which produces a nonlinear

effective demping coefficient.

An advantage provided by scuff damping, in addition to the obvious one of
eliminating the need for a mechanical damper, is the favorable way in which the
energy is partially dissipated directly into the soil and the remainder is
distributed over the outer rim of the wheel. This provides both a large
radiating surface and time for cooling between wheel revolutions.

To stow the DLRV, the wheel struts are folded about the torsion bar axis. During
deployment the struts swing down until spring loaded latches capture them and
engage the torsion bars. Teflon-coated sleeve bearings are used at the suspension
bearing points. This automatic locking method is extensively employed in aircraft
lending gear downlock applications. - It has also been used successfully on the IM
landing gear downlock.

The latch used to lock the output end of the torsion bar sustains the normal
operating loads up to nine inches of wheel hub deflection. When loads are
greater, & latch riding in a slot at the torsion bar input end will bottom and
transfer overloads directly to the chassis. Suspension flexibility is then due
only to the wheel strut deflection. When the torsion bar, wheel strut, and wheel
are all at their maximum deflection, the total stroke is 16 inches.

High-strength 4340 steel has been selected for the torsion bar spring material
because it satisfies the fatigue life criteria of 1,000,000 cycles. This is
equivalent to full travel at 1 ecps for 600 hr operation. Shot preening and
presetting are employed to develop full fatigue life.
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Thin-walled tubular strut members are the lightest structure for supporting
milti-directional and combined wheel loads. Wheel strut material is titanium
Ti-6A1-L4V. At its ultimate overload position the aft strut reaches a stress
level of 106,000 psi. Stresses are lower on the forward strut. The allowable
ultimate stress for Ti-6A1-LV at 250°F is 136,000 psi, giving safe margin for
overloading.

The load deflection characteristics of the suspension are shown in Figure 5.3=4
The torsion bar spring rate of T.5 1b/in govern the flexibility during normal
operation. For the infrequent chassis loads which exceed 2,1 lunar g (9-in.de-
flection beyond static) the strut spring rate of 90 lb/in in series with wheel
flexibility becomes the suspension stiffness,

In the unlikely event of a torsion bar failure, the suspension becomes harder,
but safe. The overload latch engages and the DIRV continues to operate with a
static chassis-ground clearance of 12 in. Thespring rate in this case is that
of the combined wheel and strut.

At the completion of the manned mission, the DLRV is reconfigured to the
unmanned mission mode. The suspensions of the control and power moaules are
manually repositioned to gain greater chassis ground clearance and the required
35° break angle., This is accomplished by resetting the wheel and wheel strut
lock pins after rotating the struts downward and reindexing the wheels relative
to their support struts. This task is repeated at each wheel station of the

L x 4, The science module suspension is fixed for the unmanned configuration

and requires no further adjustment,
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5.4 STEERING MECHANISM

This section describes the study work leading to the selection and method of
implementing the DIRV steering system. Both the Ackerman steering and full
chassis articulation designs were evaluated, with the articulation concept

being selected. The mechanical drive assembly which accomplishes the articulated
steering and its performance requirements are also included as part of this

section.

The problem of selecting one steering concept over another required an
investigation into the vehicle's overall performance and mission capabilities.

In general, the basic performance requirements can be satisfied by a number

of steering methods, such as Ackerman, wagon, or articulation. However, there are
sufficient differences between these concepts to permit a logical selection
decision to be made. The steering system requirements are ;omewhat intangible,
but the most important can be listed as follows:

0 The steering system should be capable of accepting the wheel folding
requirement needed for DIRV stowage without undue complication

o A high degree of primary system reliability is required back :d up by a
confident secondary system.

o The steering system should allow the DLRV a turning radius equal to
one vehicle length

o The steering mechanism should be compatible with up to one year lunar
environmental exposure
5.4.1 Candidate Evaluation

Two candidate steering systems were evaluated in detail for the DIRV: Ackerman

and chassis articulation. TFigure 5.4-1 illustrates the competing candidate
concepts. The Ackerman arrangement required a rigid L x 4 chassis frame vehicle
with the forward wheels being steered. The aft module is allowed to trail via
a drawbar and is pivotable about a simple steer axis. Reliability is achieved
by mechanically interconnecting the steered wheels with a tie rod system to a
common activator. The activator uses two electric motors (one being redundant )
driving through a reducer and outputting to the tie rods. Four fold-axis

bellcranks are needed for vehicle stowage requirements.

The chassis articulation steering concept requires that steer signals energize
an activator (either linear or rotary type) at the intermodular drawbar steer

pivot, causing the modules to yaw relative to each other for steering. The aft
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module is again allowed to trail via its pivoting drawbar. The reliability of
this system is achieved by providing differential speed control of the wheels,
which serves as a back-up steering system should the actuator fail. To conserve
power and provide maximum locomotion efficiency, it is necessary to design the
DIRV with differential wheel speed control regardless of which steering concept

is selected.

The results of the evaluation of the candidate steering concepts are presented
in Table 5.4-1. The articulated system appears better than or equal to the
Ackerman for every criterion considered. Brief comments to support the scores
are given in the following paragraphs.

(a) Mobility - Table 5.4-2 shows the results of tests performed on the full-
scale lg DLRV simulator comparing the work done for steering maneuvers with
Ackerman and articulated steering. The test setup is shown in Fig. 5.h4-2.

For articulated steering only wheel rolling resistance and minimal wheel drive
drag need be overcome; thus less work is required for static and obstacle steer

meneuvers in relatively week soil (k4 = 3).

(b) Obstacle Jegotiation end Meneuverability - No significant difference in

step and crevasse crossing capability was noted between the candidate :; however,
articulation did offer an additional degree of emergency vehicle manipulation}
i.e., the yawing or "crabbing" articulated action can be used to free an
jmmobilized wheel or aid in negotiating obstacles. The ability to statically
slew the DLRV via articulation also offers advantages in the following areas:

o0 Science experimentation - enhancing the sample collector's view area of
coverage

o TV coverage - backup mode for panning TV camera should TV drive mechanism
fail.

0 The TV inherently pointed in the direction of travel, providing simpler
MCC control. This advantage also applies to driving in reverse by
‘presetting the vehicle heading prior to movement
Figure 5.4-3 shows the two candidate vehicles making turns with equal wall-to-
wall turn radii. (Also ref. Fig. 3.1-3 for equal inside turn radii,) It is seen
that the second and third modules do not track the first with Ackerman steering,
resulting in higher locomotion energy during turns. Also, the swept area is
greater for Ackerman steering because the inside radius is 23% less than the

articulated; this results in reduced ability to maneuver between obstacles during
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TABIE 5,.4-1 STEERING SYSTEM EVALUATION CRITERIA, 6 X 6

CRITERIA VALUE FACTOR RIGID FRAME ARTICUIATED FRAME
- MOBILITY 15 7 8
- OBSTACLE NEGOTIATION 15 7 8
- MANEUVERABILITY 10 4.5 5.5
- STABILITY 15 7 8
- STOWAGE AND DEPLOYMENT 10 5 8
- RELIABILITY 15 7 8
- PAYLOAD COMPATIBILITY 10 5 5
- WEIGHT 10 Yy 6
100 465 53.5

TABLE 5,4-2 STEERING ENERGY COMPARISON
(4x4 DLRV SIMUIATOR - GROSS WT. = 1200 LBS.)

MODE SOIL WORK DONE (FT-LBS) FOR HEADING OF 15°
ACKERMAN ARTTICULATION
STATIC*STEER AT BEACH SAND 144 L3
ASPHALT OR CONCRETE 72 43
SURFACE
OBSTACLE** STEER AT BEACH SAND >290 54
2°/sEC Ky == 3.0
ASPHALT OR CONCRETE > 250 50
SURFACE

* VEHICIE FWD VELOCITY = O
*¥ OBSTACIE = 4 X 4 INCH WOOD BEAM
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turns.

(c) Stability - The overturning stability for equal inside turning radii

can also be compared using Figure 5.4-3. Centrifugal force varies inversely
as turning radius. Therefore, for independent overturning of the modules,

the articulated vehicle has the advantage for the last two modules, and the
two vehicles are about equal for the first module. For dependent modules, the
articulated again has the advantage since the radius to the overall vehicle

c.g. is larger, and the stability arms are approximately equal.

(d) Reliability - The primary trade-off in reliability is associated with the
differences between the mechanization of the steering methods. Loss of steering
capability is a safety hazard. The failure modes to be considered are:

0 Binding in linkages, actuator and motor

0 Breaking of linkages

o Electrical failure of motor
Acquired data has shown the ratio for electrical fallures to be approximated
one hundred times those of binding and breaking of linkage assemblies.
Assigning these failure modes and their frequency index values to the candidate
systems allowed the reliability block diagrams shown in Fig. 5.4-4 to be drawn
and analyzed. The conclusions were: (1) in both cases the most probable
failure mode has back-up; (2) the failure modes with no back-up have greater
hardware complexity with the Ackerman concept; (3) both systems are reliable;
(4) articulation has fewer parts and is less vulnerable to debris entrapment

or impact.

(e) Weight - The Ackerman system,using redundant motors in a single mechanical
reducer, and the cross-over tie-rod system, weighs 16.5 pounds. The articulation
weight, requiring the single actuator, is estimated at 9 pounds. A second
approach for the Ackerman concept would be dual actuationj i. e., a synchronized
motor at each wheel and no tie-rod system. The estimated weight for this

system is 10.6 pounds; however, reliability suffers badly and additional weight
penalties would be expected.
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5,4,2 Steering Mechanism Preliminary Design

5.4.2.1 Design Criteria

For normal operations, the wheel speeds are matched to the articulated geometry
established by the steer actuator. The resulting power required of the steer
actuator in this syncronized mode is very small. To establish the duty cycle
and the torque-speed character of the actuator it was necessary to investigate
other conditions such as wheel drive failure modes. These conditions produce
yawing torques at the steer pivot which must be reacted by the actuator. The
following failure ©r off-naminal conditions for the 4 x 4 vehicle were used to
size the system:

o Condition 1 - All wheels actively driving; however, a mismatch of
velocity profiles with the actuator setting exists. A level of drive
power from the actuator is required depending on the degree of mismatch.
Steer torques at the actuator could vary up to 250 ft.-1lb. Analysis
suggests using a value of LO ft.~1b. at steer rate of 15°/sec. and
consider this condition to be the continuous duty cycle.

o Condition 2 - Two wheels active and two failed. Both failed wheel
drives are diagonally opposed to each other, and the active wheel
drives are performing at or near stall conditions. This condition
creates the maximum steer torque requirement of 250 ft.-lb. for the
actuator.

o Condition 3 - DIRV forward wheel collides with an obstacle and exper-
jences the meximum design load factor of 5.5 g's. The resulting
structural loading at the actuator assuming no energy dissipation within
the vehicle structure (very conservative) is 2000 ft.-1b. maximum.

Approximately a 50% weight savings can be realized in the steering subsystem by
configuring the actuator such that it can be quickly disconnected from its

menned intermodular position and positioned to its unmanned steer position.

Since the double-ended DIRV is converted to the science module forward configur-
ation for the unmanned‘mission phase, the actuator must be manually installed
between the science and power modules, leaving the control module free to trail.
Since the actuator constrains the science and power modules, the trailing control
module is geometrically restricted from "fish tailing" unless it physically
slides its wheels sideways. In view of the critical weight restriction on

DIRV, the single actuator approach is recommended.

A summary of the design criteria for the steering system is given in
Table 5.k4-3.
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TABLE 5.4-3
STEERING DESIGN CRITERIA

Operational Mode - Chassis articulation using differential wheel speed control

and actuated steer joint.
Actuator size based on 50% diagonal wheel failure on L4 x L manned vehicle.

Performance - 40 ft.-1b. at 15°/sec (continuous duty)
250 ft.-1b. at wheel stall
2000 ft.-1b. max. structural loading

Steer Angle T yo°

Maximum Design Weight - 13 1b. including (2) steer pivot assemblies and one

actuator assembly
Power Supply - 56 VDC
Steer Rate - controllable up to l5°/sec

Failure Mode - Actuator disengagement mechanism requiring no power after

command.

Manual Disconnection - quick release design permitting placement of actuator

from manned mission to unmanned mission pivot location
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5.4.2.2 Steer Actuator

Figure 5.4-5 illustrates the steering actuator and the steering pivot assembly

preliminary designs. A number of candidate actuator designs were evaluated;
nemely, linear ball screw, rotary harmonic and the rotary planetary gearing type.
The selected design, a hermetically sealed unit, which combines a brushless motor
of the wheel traction type with a planetary gearhead, was considered to be the best
arrangement. It provides:

Equal steering torques and rates for each chassis slew direction
Commonality of design with wheel drive assembly

Favorable envelope and location for DLRV/LM stowage configuration

Convenient configuration permitting quick manual disconnect

O O O O O

Best configuration to sustain prolonged lunar environment exposure

Shown as part of the actuator assembly is the dec PM brushless motor, a 360:1-
ratio, four-stage planetary with fixed ring gears and a carrier eccentric output
fitting, metallic bellows for hermetic sealing, a solenoid-actuated assembly for
failure mode, disengagement and the manual quick release pins and mounting

assembly required for the unmanned mission conversion.

A brief description of the components meking up the Steer Actuator assembly
follows:

(a) Motor/Gearhead - The motor is a two-phase brushless dc machine. The
design is the Westinghouse concept, similar to the one used for the wheel drive,
but differing by the deletion of the winding switching arrangement used to
electronically shift between torque/speed ratios to the wheel. The full complement
of motor windings is used to minimize 12R losses and to operate at greater than 80%

efficiency. The nominal continuous duty performance of the motor calls for the

following:
Motor speed (15°/sec. steer) = 900-1000 RPM
Motor torque = 13.5 inch-pounds
Motor power = 21.8 watts *
Mopor reversal rate = 2 per second

¥ This value includes motor efficiency of 80%, gearbox 82%, and 2% for other losses-

overall actuator efficiency = 65%.
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The materials and components selected for the motor are listed under the Wheel

Drive Assembly, Section 5.5.

The gear head is a conventional multi-stage involute-gearing planetary selected
for its history of reliable performance and high operational efficiency. This
speed reducer design was chosen from among the harmonic drive, nutator drive

and other planetary and screw type designs. While the harmonic offers high
reduction in a single stage with hermetic sealing, its drive efficiency is lower
and its failure mode is very rapid. The harmonic is more sensitive to overload
because of its highly stressed flex spline. Laboratory tests have shown that
failures of this flex spline bind the mechanism, complicating the design of the
backup free wheeling capability. The nutator design was not chosen because

of its weight and lack of mechanical reliability. The conventional gear reducer
in combination with a high efficiency hermetically sealed linear ball screw was
seriously being considered. Three criteria eliminated this design in favor of the
rotary planetary design: the desire to attain equal torques and rates in both
steer directions, the complexity associated with manually disconnecting a linear
actuator for re-installation to the unmanned mission position, and the structural

penalty associated with the poor stowage arrangement required dur.ng DIRV tiedown.

The overall efficiency of the planetary is estimated to be 81% to 85% based on

22 gear meshes at 1.0% loss factor per mesh. The loss factor considers manufacturing
and the wide thermal range. At this high mechanical efficiency, the unit would be
reversible, making it possible to relieve structural loading caused by wheel
collisions with large obstacles. Precision high-strength nitrided steel gears are
to be used. The following data identifies the gearing system and’its structural

requirements (consider only the final stage of the planetary) :

Output torgue - continuous duty Lo ft.-1b,
- maximum 250 ft.~1b,
No. of gears L planets
Tooth load - continuous duty Ly 1p,
- maximum 275 1b.
Diametral Pitch 16
Pressure Angle 20°
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Tooth bending stress - continuous duty 14,000 psi
- maximum 88,000 psi
Tooth hertzian stress - continuous duty 27,300 psi

- maximum 170,000 psi

(b) Disengage Device - This mechanism is an integral part of the drawbar

steer pivot assembly. Both intermodular steer pivots are equipped with the dis-
engagement assembly. A pulse-energized pull solenoid is used to disconnect the
drive output from the drawbar steering lugs. A center release rod is pulled
downward by the solenoid permitting the spring-loaded drive fingers to retract
thereby disconnecting the drawbar steer pivot assembly from the failed steering
actuator. Should a finger not withdraw completely, steering action would cam
the finger to its retracted position. Normally, the release rod is held in
position by a compression spring. This mechanism is configured as a one-shot:
device used only when the actuator is no longer considered operational.

(c) Bellows - Since the output steer motion is limited to Iy angular
motion, and the greater portion of DIRV driving occurs at considerably smaller steering
angles, a convoluted metallic bellows is used to effect an hermetic seal for the
eritical mechanical and electrical components of the steering actuatcr. The
bellows data is summarized in Fig. 5.4-6.

(d) Bearings - A combination of single and double row angular contact ball
bearings are used to support the motor rotor shaft and the planetary gears and
output fitting. Ball bearings are needed to maximize operational efficiency for
vehicle power and thermal considerations. Bearing speeds are slow to low medium,
varying from 900 RPM to 2.5 RPM. Most bearing loading throughout the actuator
assembly is radial and eccommodated by the single row bearing types. Due to the
crank shaft design of the last stage carrier output, moments are also introduced
and double row or moment carrying bearings have been indicated. The two bearings
operating outside the hermetically sealed gear head are also ball types. These
bearings experience very low speeds at moderate to low loads for their indicated
sizes. They are both shielded and sealed to protect them from lunar dust contamina-
tion.

(e) Lubrication System - The problems of lubricating the steering actuator

are somewhat less demanding than those associated with the DLRV wheel drive assemblies.
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There are three contributing reasons for this: the actuator can be hermetrically
sealed; the duty cycle for normal usage requires low power; and the actuator is
basically a slow speed unit. Nonetheless, it is still considered essential to
provide a redundant lubrication system; i.e., using a combination of dry film

MOS, coatings on bearings and bearing surfaces and then applying synthetic oils and
greases. Since the application requires operations at elevatg@ temperature (i.e.,.
300°F and above) and over wide temperature ranges (-65°F to + LOO°F), the use of non-
soap-thickened silicone grease is recommended. MIL~G-27549 (USAF) and MIL-G-25013(c)
(Phehyl Methyl Polysiloxane with a dye thickener) are considered primary candidates

based on their excellent performance as reported in References 1 and 2,

G.E. G-300 grease or a Dow Corning fluorosilicone grease should be considered for the
application involved. Both of these greases utilize fluids containing halogens as
part of the silicone molecule providing the chemical reactivity with metal surfaces
required for effective lubrication. Both greases can be specially formulated for

high~-vacuum applications with vapor pressure at 250°F in the 10'6 Torr range.

Ball bearings are to be equipped with phenolic retainers impregnated with these
lubricants and shielded to provide added sealing to retain the lubricent. M082
films are applied before assembly of the bearing and only the races ind retainers

are treated, leaving the balls uncoated. Run-in periods are required for the bearing

after the MoS, has been applied. The gears are treated in the same manner; MoS2

in applied, fillowed by a run-in period, and then assembled and coated with the
silicone grease lubricant. Successful lubrication performance within the steering
actuator is predicated on numerous design factors inherent in the actuator: the slow
speed operation, hermetic sealing of critical components, redundant lubrication, a
vertical design with lunar gravity helping to supply the lubricant to the gears, and

a feasible thermal'syétem in which motor heat is conducted to strategic locations on
the reducer, thereby, creating a balanced internal distribution of condensed lubricant
vapors throughout the reducer. Low wattage isotope heaters may also serve this purpose
The exact lubricants can only be identified by extensive environmental and mission
simulation tests. However, the design of the steering actuator does provide a

logical mechanism from which to derive the final answer.
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5.4,2.3 Drawbar Steer Pivot

The pivot assembly provides structural continuity for loads in the vertical plane
and twisting moments about the vehicle center line. In the yaw plane, it serves

as the chassis articulation steering pivot. Steering moments are taken out by

the couple produced by the actuator about the pivot assembly. The steer pivot
assembly, having a hinge fitting perpendicular to the steer pivot, also acts as

the hinge between the control and power chassis for stowage and deployment. Fittings
in the pivot assembly are fabricated‘from 7075-T73 aluminum alloy. Nominal sizes
are shown in Figure 5.4-5. The two intermodular drawbar assemblies are similar,
differing only in design by the addition of the deployment hinge and latch assembly
used on the control module unit. The science module drawbar locks out the science
and power module in the pitch plane. Both pivots are equipped with the solenoid
activated disengagement assembly used to declutch the steering actuator should it
fail.

5.4.2.4 Steering System Weight
The total calculated weight for the DLRV Steering Subsystem is 13 pounds. This

weight estimate includes the actuator assembly, the control module steering pivot
assembly and pitch control linkage, the power module pivot assembly, and both
solenoid-operated disengagement units. The intermodular drawbars are considered

vehicle structure and not charged to the steering system weight.

5.4.3 Conversion from Manned to Ummanned Mode

Part of preparing the DLRV for its unmanned mission requires relocating the steering
actuator to its science module pivot position. Removal of the actuator is accomplished
manually by withdrawing two quick release pip pins connecting the actuator to the
drawbar reaction support arms. Any locked-in steering torque is reacted by these arms
and the mating actuator lugs, allowing the pins to be readily extracted. With all
three modules aligned in an approximate straight line, the actuator is disconnected,
removed, and reattached to the science module pivot. The control module pivot is
then given a degree of pitch freedom by manually releasing the spring-loaded
deployment latch, which allows the module to rotate 20° upward about the drawbar
deployment hinge fitting. This degree of pitch freedom enhances the DIRV's obstacle
negotiation capabilities and permits its wheels to maintain a good contact over an

undulating terrain.
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5.4.4 Thermal Analysis
The steer actuator must dissipate about 8 watts at a total input level of 22

watts (100% duty cycle). Ninety percent of this dissipation is at the top or
motor section. The top surface of the motor assembly is utilized as a radiator,
Since a brush wiping scheme is provided for thils surface, properties of OCS =

0.85 and € = 0.85, and a dust insulation buildup of less than 0.002 inches average
were assumed. Limiting the top surface to 350°F to ensure internal windings at
hSOOF mex was found to require about 18.0 sguare inches of area. More area than
required is available, The analysis assumed & sub-solar condition and no heat

lost to the vehicle or through other than the top surface. Since this assembly is
hermetically sealed and contains some vapor at pressure there should be significant
internal convective heat transfer and the 100°F winding self rise is considered very
conservative. The top radiator surface can be easily extended to provide greater

capability at a slight increase in weight if needed.

5.4.5 References for Section 9,k
1. "Lubrication for Spacecraft Applications", W.C. Young, F.J. Clauss,

Lubrication-Engineering June 1966

a. "Grease Lubricants and their Potential in Aerospace Applications",
H. Schwenker, Lubrication - Engineering, July 196k

II/I-5-62




2.5 WHEEL DRIVE MECHANISM

DLRV locomotion is accomplished by powering the wheel drive assemblies (WDA)
located at each of the six wheel hubs. The WDA includes an electric drive motor
and a mechanical reducer for torque/speed variations, wheel bearings for DIRV
support, provisions for dynamic braking, a parking brake and a failure disengage-
ment mechanism. This section discusses the mechanization requirements for the
WDA and evaluates candidate types before selecting one concept. A preliminary
design is then given which identifies the electrical and mechanical components
af the WDA and their functional characteristics. Electrical characteristics of
the wheel drive are only summarized herein. A detailed discussion of the motor
and control system characteristics and trade-offs is given in Book IV of

Volume IIT,.

5.5.1 Design Requirements

The design requirements for the WDA were formulated from a combination of the DLRV
mobility performance criteria and the demands created by the prolonged mission.,
Table 5.5-1 defines the WDA design criteria., These criteria reflect the wheel
loading, traction demands, and drive system weight allocation associated with the
chosen vehicle design. The less tangible requirements are relatew to the l-year
lunar operation criteria, including all the envirommental and mission duration
factors affecting the functional survivability of the WDA. Special emphasis was
placed on these latter criteria during the evaluation since any number of motor/

reducer types could satisfy the basic DLRV tractive performance requirements.

5.5.2 Candidate Evaluation

Three basic candidates were considered for the DIRV wheel drive assembly. These

were classified according to their electric motor rated speeds; i.e., low-speed

(900 rpm), mid-speed (2000 rpm), and high-speed (9000 rpm). All candidates,
regardless of motor choice, were combined with a planetary gear system. The
planetary speed reduction was conservatively selected because of its high
operational efficiency and low weight supported with an extensive performance data
bank, Other types such as the harmonic and nutator reducers are unjustified higher-
risk condidates due to the fatigae failure considerations of the flex spline or the
bellows seal assembly and the less predictable failure modes. The harmonic drive is
considered unreliasble when subjected to impact or stall-induced overloads due to

its highly stressed flexspline; the failure mode is of a rapidly deteriorating

type with no chance of recovery. A comparison of weight between the harmonic
- I1/1.5-63



TABLE 5.5-1

WHEEL DRIVE ASSEMBLY DESIGN CRITERIA

Service Life

Cycle Life

Nominal Operating Efficiency (%)

Power Supply (VDC)
Temperature Range (°F)
WDA Weight (1b)
System Weight (1b)
Performance:
Continuous Duty
Max. Operating Torgue
Max. Holding Torque
Braking:
Dynamic
Static

Loads Criteria

Failure Mode

1 year lunar operations
500,000 revolutions

60 (min.)

56

-300 to +320 (housing)
11.5 (max,)

100 (includes six WDA and control electronics)

90 rpm at 5 £t.-1b (.085 HP)
65 ft.1b,

80 ftl ."—lb.

108 1b-sec. Linear Momentum removel in 3 secs
50 ft-1b holding torque (35o slope parking)

Wheel main bearings to be sized for loads
indicated in Wheel Design Criteria

Free wheeling operation post WDA failure

requiring no power to be maintained.
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and the nominal sized planetary showed them to be fairly close. The operational
efficiency of the harmonic is 65% as compared to a planetary rating of over

90%.

An evaluation of the candidates, revealed that their weights and structural loading,
were approximately equal and that only their internal mechanization provided means
for comparison. The high-speed WDA design places more of the burden of reliable
rerformance on the mechanical reducer. A three-stage planetary is used with a

gear shift, permitting a 100:1 and 400:1 gear ratio selection. The accompanying
lubrication concept uses a controlled leakage labyrinth seal and low vapor pressure

silicone grease.

This design was compared with a mid-speed concept having a two-stage compound
planetary with 14:1 and 200:1 reduction ratios. The lubrication system remained
the same. The number of physical rotations in such mechanical elements as the

bearings and gears was reduced by a factor of L:1.

The low-speed WDA design represented a complete departure from the above designs.
In contrast to the high-speed WDA, this design utilized a 10:1 fixed ratio
planetary gearhead in combination with a multi-winding de two-phe se brushless
motor. The required driving torque/speed relationships were accomplished by
electronically switching motor windings between parallel and series settings,
parallel windings, giving high output speeds and series giving high output
torques. The use of a low-speed brushless motor and a simple single-stage
planetary with no mechanical transmission is inherently more compatible with the
environmental mission constraints than the mid-and high-speed designs using more
complicated gearing. The electronics system which controls the motor winding
switching (i.e., shifts '"gears electronically"”) is more involved than the
electronics of the other designs; however, it lies well within the present day
state-of -the-art.

The conclusion reached from the evaluation was that the low-speed brushless
motor using winding shifting is best suited for the DIRV vehicle. Details of the

electrical trade-offs are given in Vol. III, Book IV. Some considerations are
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summarized below.

Brush-type motors, both permanent-magnet and series, were considered, but the low-
speed units tended to be heavy and have high losses. These losses occur in the
rotating windings where radiant cooling to the outside housing is difficult, result-
ing in high temperature differentials across the rotating and stationary windings.
These temperature extremes make it difficult to keep the commutator true and the
armature insulation free of cracks. The permanent-magnet machines had higher
efficiency and greater ease of incorporating dynamic braking. The controller for
brush machines is inherently lighter than for brushless; however, "electrical gear
shift" is not practical with the brush machine, and a mechanical gear shift adds
weight and complexity. A comparison of a brushless d-c motor with an "electrical
gear shift" and a brush machine with its controller shows little weight difference.

Inductive type motors were also considered and ruled out based on low efficiency
due to air gap copper losses, sensitive voltage/frequency ratio control of air
gap flux, and losses in the rotor causing hot running. The brushless PM motor

has no rotor losses,

5.5.3 Wheel Drive Mechanism Preliminary Design
The selected DIRV wheel drive assembly, Figure 5.5-1 is a Westinghouse design

consisting of a low-speed two-phase brushless d-c motor with a 10:1 fixed

ratio planetary gear set. An infinitely variable output speed is possible, up to
90 rpm (16 km/hr), and a maximum torque of 65 pound-feet can be produced.
(Maximum electrical holding torque is 80 pound-feet). A disconnect device allows
the wheel to rotate freely independently of the drive motor and gearing, assuming
a failure in either., The WDA provides dynamic braking for the DIRV and a parking
brake which requires no power when in use. The WDA is passively cooled via a
radiating disk, which is kept cleaned of dust and debris by a teflon brush
assembly. Further discussion of the WDA components is given below.

o Motor/Gearhead

The motor/gearhead assembly provides the DLRV with the performance torque/
speed relationships shown in Figure 5.5-2. The incremental power steps, created
by the motor winding switching system, result in efficient operation over a wide

power range. The brushless motor performance curves are given in Book IV of
Vol, IIT, along with a further description of the selected motor and control system.
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FIG.5.5-2 WHEEL DRIVE ASSEMBLY PERFORMANCE CURVE
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The gearhead is a conventional single stage 10:1 ratio planetary using
involute profile gears. The ring gear acts as the output member while the planet
carrier is held fixed. The overall efficiency of the planetary is estimated at
over 9% based on six gear meshes at 1.0% loss factor per mesh. This loss fac-
tor considers mamufacturing and the wide range thermal effects. At this high
mechanical efficiency, the unit would be reversible, making it possible to
manually maneuver the vehicle during preparations for the unmanned phase and
also to provide some relief from structural loadings to the DLRV caused by wheel
collisions with large obstacles. Precision high-strength nitrited steel gears

are used. The following data defines the gearing system and itsstructural require-

ments:
Continuous duty 5 ft.-1b. @ 90 RPM
Intermittent duty 30 ft.-1b, @ 20 RPM
Meximum stall 65 ft.-1b.
Number of gears 3 planets
Tooth load
- continuous duty 20 1b.
- maximum stall 260 1b.
Diametral pitch 16
Pressure angle 20
Tooth bending stress
- continuous duty 6,400 psi
- intermittent duty 38,000 psi
- maximum stall 83,000 psi
Tooth hertzian stress
- continuous duty 12,700 psi
- intermittent duty 67,000 psi
- maximum stall 145,000 psi

o Disengage Device

The disengagement device can be seen in Figure 5.5-1. Upon actuation, the
d-c solenoid axially repositions a rod in the motor shaft. The axially
repositioned rod then activates a spring loaded trip that drives the taper ended
pin from the output shaft. The taper ended pin is retained in the wheel assembly
for further use. Actuation of the taper ended pin frees the two (or more) detents

that are spring loaded to center themselves in the shaft permitting free rotation
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of the wheel hub on the shaft. The free rotating wheel can be reconnected by
inserting the taper ended pin to spread the detents (when the drive position
aligns with the detents) and reapplying the spring loaded trip. There is no
dynamic brake or parking brake action for the free rotating wheel in this
degraded mode of operation; braking capability is adequately furnished by the

remaining wheels.

o Bearings

A tapered roller bearing of essentially standard automotive design carries the
main thrust and radial load from the wheel. This bearing type has been selected to
accommodate the impact loads anticipated for the DLRV. As in the case of all
internal ball or roller bearings, porous retainers which have been impregnated
with a grease lubricant are recommended.

The wheel hub isstabilized on the motor OD by employing a wire race ball
bearing of loose internal fit and is provided with journal bearings and thrust
washers that will enable rotation when the disengagement device is actuated. The
wire race bearing was selected because of its excellent compliance to thermal
changes created within the motor stator windings where it is located. In addition,
it offers a capability for accepting higher loads for its size and weight as a
bearing type. The externally mounted journal bearings and thrust washers are
normally not under use since their service life commences only when the WDA has
been disengaged. The bushing will be filled with teflon on & sintered bronze
steel backing.

o Lubrication System

A major consideration when selecting the type of WDA was the associated
lubrication problem. The choice made resulted in a logical configuration,
possessing good lubrication characteristics to maintain it for the prolonged lunar
mission. The WDA is basically a high torgue electric motor using a minimum of
mechanical components., The single sﬁage planetary with its 10:1 ratio has only
six gear meshes and a maximum internal speed of 900 rpm, which is sufficently
low to minimize wear problems. The allowable gear and bearing loading (i.e.,
contact stress) of the lubricated components is largely dependent upon the

strength of the basic material supporting the lubricant. The long life
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requirement is,in effect, achieved by operating at low stress levels. The level of
stress allowed in the design is dependent on the rpm of the component, which is a
function of the overall gear ratio.

Maximum mechanical efficiency while still maintaining the highest possible
degree of reliability for the WDA is achieved by the same redundant lubrication
system recommended for the Steering Actuator Assembly (Section 5.4). The
applications differ only by the method of sealing. The Steering Actuator is
hermetically sealed whereas the WDA relies on a controlled leakage seal. A closely
dimensioned labyrinth seal or a spring loaded face seal can be used for this
application, A sufficient quantity of additional grease lubricant is loaded into
the WDA to compensate for losses through the seal over the prolonged period,

The recommended lubricants which conférm to MIL-G-25013, are compounded from
methypenylpolysiloxane oils and arylurea or silica thickeners. Under conditions of
high vacuum, concern centers on the volatile constituent: methylphenylpolysiloxane.
The polysiloxane most often used to formulate these greases is Dow Corning 510
Fluid, either 50 cs or 100 cs or combination of the two. The vapor pressure of
50 es DC510 Fluid (representative of worst case in terms of volatility) at 250°F
is 1 Torr. However, since the polysiloxanes are mixtures of polymers, this
relatively high vapor pressure is misleading and is not representative of the
actual vapor pressure after a very short time under conditions of high vacuum. After
pumping &at lO'6 Torr for 24 hours, sufficient light ends of the polysiloxane are
removed to drop the vapor pressure at ESOOF to 8 x 1o'u Torr. Since the lubricant
can be stripped prior to use or prior to formulating, the 8 x 1o'u Torr value can
be used for calculating weight loss during vacuum storage. The other property
required for calculating total weight loss is molecular weight. The average
molecular weight for 50 c¢s DC510 Fluid is 3.3 x 10_3. After stripping this
value increases slightly, but for purposes of calculating weight loss is insigni-
ficant due to the rapid decrease in vapor pressure.

Lubricant leakage rate can be determined using the equation*

* "Leakage Sealing of Bearings for Fluid Lubrication in a Space Environment"
» H. I. Silversher, 3rd Aerospace Mechanisms Symposium, May 23 - 24, 1968
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Weight Loss (gm/sec) (,0583 P ( % )%A ) F

where

P = Vapor Pressure = 8 x lO'LL Torr
M = Molecular Wt. - 3.3 x 103

T = 395K

F = Seal Factor = 0.0025

A = Beal clearance area CM?. =0,12

The resulting weight loss rate is a low 4 x lO'8 gm/sec for vacuum stabilized

polysiloxane portion of the lubricant ( 1.2 gm/yr,) The polysiloxane
portion represents approximately 80 percent of the total weight.

The quantity of lubricant required for each WDA is approximately 60 gm.,
determined by gearbox size, surface coverage requirements, and, to a small extent,
leakage.

As in the case of the steering actuator, a thermal balance system can be used
to control the temperature gradients throughout the WDA thereby controlling the vapor
depositing of lubricant grease. This concept is made possible by using the electric
motor heat and conducting it to strategic locations within the WDA, or providing
isotope heaters.

o Braking

The WDA is equipped with & mechanical parking brake and electrically induced
dynamic braking. Dynamic braking is accomplished by reversing the applied voltage,
causing the motor to electrically brake, generating atorque proportional to the
magnitude of the voltage. A further discussion of the dynamic braking mode is
given in Book IV of Vol, III.

The parking brake is a "key in the hole" type detent brake which is operated
by pulse energizing a solenoid, The solenoid forces its plunger pin into a
slotted hole fitting, locking out the motor rotor assembly. Multiple slotted
holes are located on this fitting permitting a certainty of plunger engagement
after minimum wheel rotation. Parking brakes are only located on two of the six
wheels of the DLRV, The brakes are released by a second actuation of the pulse
solenoid. Should the solenoid plunger hang up due to parking loads, steering or
traction drive power would be applied t6 roll the wheels slightly, unloading the
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plunger and permitting it to retract. It is not anticipated that parking brakes
will be needed at many of the stops. Selective positioning of the vehicle, -either
by facing it sideways to the ground slope or by "crabbing" it via its articulated
steering system will be adequate for most slope conditions.

o Weight

The total weight of the WDA is 11.5 lbs., The weight breakdown is as

shown below.

Stator magnetic materiasl (Hiperco 50) 1.63 1b
Stator electrical conductor (copper) 1.h7
insulation and leads

Resolver (brushless) 45
Rotor (magnets and Armco iron) 1.6
Solenoids 0.32
Bearings 1.33
Gearing 2.06
Housing 2.64
Total 11.50

5.5.4 Thermal Analysis
The thermal environment for the Wheel Drive Assembly (WDA) is strongly related to

its thermal interface with the wheel, lunar surface, and solar incident radiation.

The analysis presented in Section 5.4.4 shows achievable motor and gear box case
temperatures to be in the range of 320°F average. Considering the distribution of
thermal load in the motor and gear box, it is expected that the motor end would
operate about 30°F hotter and the gear box end about 50°F cooler,

The maximum operating winding temperature has been chosen as MSOOF. This level
permits a winding temperature rise of 100°F over the motor case temperature.
This is considered by Grummen end the motor vendor to be achievable using present

motor designs and thermal conductive and radiative transfer techniques.
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The 250 slope climb condition is somewhat in excess of the 50 watt design load

(see Table 5.2-U of Section 5.2.5). A preliminary transient analysis shows this
motor to have approximately a 21-minute time constant at the windings. The steady
state winding temperature predicted at 67.5 watts dissipation (2 km/hr, 250 slope
climb) is 490°F. Application of time constant theory predicts a winding temperature
rise of about 25°F (to 475°F total) in 21 minutes. This temperature is considered
acceptable for short-term operation and shauld not impair the reliability of this
motor,

The winding temperature can be reduced by increasing the present radistion surface

- or by the addition of some mass to the windings to increase its time constant,

For the lunar night condition, a minimum temperature limit of -60°F has been set to
minimize lubricant degradation. This limit is achieved by the inclusion of 2.5 watts
of isotope heater, located internal to the motor gear box at a point close to the
lubricant. Radiaton surfaces of the present design can be readily increased to

compensate for this small additional load.
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BECTION 6

CREW SYSTEM/HUMAN FACTORS

6.1 RATIONALE FOR CREW STATION SELECTION

The crew station for the DLRV is designed primarily for a single astronaut with
provisions for transporting a disabled astronaut in a rescue mission. All structural
provisions, information displays, and controls are configured to accommodate the
cepabilities and limitations of the S5th through 95th percentile population of the
U.S. Air Force personnel. Design requirements were based on human engineering
criteria established by MFSC-STD-267A with due consideration for crew safety, comfort,
mobility, ease of accessibility, and usage of CFE and GFE equipments.

Constraints imposed by the man-machine interface provide for ease of vehicle deploy -
ment by a single astronaut, minimum time and effort to assemble, install, and remove
components, esse of ingress/egress, maximum forward visibility, and adequate crew
protection from potential on-board hazards and/or ambient environmental contions
which tend to degrade operator performance.

6.1.1 Driver Station Studies

A trade-off study of four candidate driver positions was evaluated (See Fig. 6.1.-1);

a seated position with legs protruding beyond the wheel radius; a seated postion
with the body moved further aft; an elevated seated position; and & standing position.
The standingand elevated seated positions, although offering superior visibility of
the forward terrain, were rejected because of difficulty of ingress/egress, decreased
stability due to high man/vehicle CG, attendant increased head motions due to roll
acceleration, and because, they represented the highest weight of the candidate
positions and the greatest complexity for the arrangement of crew station stowage.
The low aft seated position was similarly rejected because of its relatively greater
complexity of ingress/egress, its greater seat'weight and mechanical requirements

for providing seat rotation, its increased  complexity for crew station stowage,

and, its adverse effect on the primary equipment stowage volume. The low forward
seated position was selected as the best since it offered the simplest ingress/egress
to a fixed, minimum weight seat, a low man/vehicle C.G. for optimum stebility, a
simple restraint system, & minimum impact on primary equipment stowage volume,

and the least cost in the weight of supporting structure. Its disadvantage of the
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ELEVATED SEATED STANDING

FIG.6.1-1 CANDIDATE DRIVER POSITIONS
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driver's feet protruding forward of the wheels was mitigated by designing
sufficient strength in the foot supports to withstand potential impacts.

6.1.2 Passenger Station Studies

Five alternate passenger positions were considered as candidate possibilities

for the location of an emergency passenger in a rescue mission (see Figure 6.1-2).
The evaluation of these positions is summarized in Table 6.1-1. -

On the basis of the evaluation it was concluded that the center sling position,
providing for adjustable lateral rotation enables the rescuer to lift, emplace,
and harness a disabled astronaut with minimum effort while enabling the rescued
astronaut to ride with maximum comfort and safety. Once emplaced in the sling,
the sling arrangement is raised to its illustrated position and locked into place.
The center sling position best meets the requirements for rescuing a disabled
astronaut in the event of an emergency at minimum expense to alterations in the

proposed configuration of the DLRV,

6.1.3 Displays and Controls Studies

A trade-off study was performed to evaluate the number and complexity of the
displays and controls to be provided in the manned mode of operation. Three
posibilities were considered: a display/control console providing complete
autonomy of vehicle control and evaluation of vehicle sub-system status information
by the driver; a minimum version providing adequate vehicle control and mﬁnipulap
tion including adequate navigation information to return to home-base in the event
of a communications failure with the ground station. The intermediate version

was selected for the following reasons:

o Although the probability of a communications failure with the Earth
station is relatively low, the remote possibility of its occurrence
necessitates that the driver be provided with an indication of last
bearing angle and range to home-base in order to return to sortie initial
point.

© At a minimum, driver control of vehicle mobility must include capability
for full range of normal and emergency modes of operation.

O Driver must be informed of danger or failure in the sub-system status by
a master alarm. Detailed status information will be provided by uplink
communication.

O Driver requires, at a minimum, master power and communication on-off
control and panel lighting control.

The evaluation indicated that the intermediate display/control console provided
adequate contol and information for normal and emergency modes of driving con-
committent with weight and vehicle design limitations.
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6.1.4 Areas Requiring Further Study
Future studies for the DIRV involve verification of design feasibility or the

refinement of design by simulation testing to determine operation of the DLRV
from a remote control Earth based station using variables of visibility,
topography, time delay, and vehicle performance parameters. Present work going on
under contract obligation NAS8-25117 entitled "Human Factors for Remote Control
Vehicle" will investigate the influence of kinesthetic cues on remote driving
performance and the effectivity of a predictor device. Future work will require
greater levels of simulation, varying frame rate and time delay, integrating
previous findings, and leading eventually to a full scale ground driver's station
with the purpose of investigating the full interface of the DIRV and the ground
station. Specific problems requiring further study are:

O Ability to remotely drive the vehicle under lunar night visibility
conditions.

© The effect on driver performance, both in the manned and unmanned modes,
of excessively high contrast ratios in lunar lighting conditions affecting
Jjudgements of size, distance and hazard avoidance.

0 The effect of adaptation time of the eye in going from very bright areas
to very dark areas and vice versa, in the manned mode.

0 The size, quality, color and contrast ratio of information displays in
the manned mode, particularly as they are affected by glare conditions.
6.2 CREW STATION CONFIGURATION
The crew station includes all structure, equipment, and mechanical aids necessary
for the crew to perform the mission functions. The general arrangement of the

DIRV crew station is shown in Figure 6.2-1.

6.2.1 Driver Station

The driver station, which is located in the forward portion of the control

module, includes the console, controls and displays, driver's seat, restraint
system, foot supports, driver stowage provisions, parking brake control, and
driver aids for ingress/egress. The console rests on the platform of the control
module chassis. The console provides support for the instrument panel, hand
controller housing, isotope heater, safety switch, and the console deployment
mechanism. The instrument panel mounted on the aft side of the console is tilted
forward thirty degrees. The panel has approximately 125 square inches of
surface. This surface is coated for thermal and glare reduction, as well as for

envirommental protection. Integral with the console is a circuit protection
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panel which contains switches for activating relays that are in the circuit to
protect selected electrical loads.

The driver seat includes the seat pan, a folding or stowing mechanism, an
adjusting mechanism, and the structural attachments to the chassis.

The seat pan is a contoured fiberglass unit with pickup lugs on the lower side

to attach to the support structure. The pan is fabricated with rolled over type
edges to prevent pressure point pickup on the astronaut. The front edge is

rolled down and the other three sides have rolled up sides approximately three
inches high to support the man against lateral and rearward sliding.

The driver restraint system is made up of a lateral support railing both for the
man and his life support system and a fold-in-front lock down bar. The railing

is made of light gauge aluminum tubing or slightly heavier fiberglass tubing. The
lock down bar pivots from a point in the console and swings down across the lap
of the driver, securing him into the seat. The bar contains a positive locking
feature in the down position. A safety switch installed in the console interrupts
power to the wheel motors and steering actuator when the driver restraint system
is in the up position. This safety feature prevents inadvertent actuation of the
vehicle by driver error, system malfunction, or by the MCC while the astronaut

is ingressing or egressing the vehicle or afoot in the vicinity of the DIRV.

The foot support is composed of two independent structures extending forward from
the chassis, providing stirrups ahead of and on either side of the ingress/egress
cutout in the chassis. The stirrups do not interfere with the ingress/egress
operation of the driver. The structure is capable of withstanding impacts that
may occur due to head-on collisions with rock formations.

A rear view mirror is provided for traveling in reverse, monitoring the disabled
Pbassenger, or for quick checks on the rear module. The mirror will telescope
from the console and be adjustable angularly and relative to the driver. In the
suited, pressurized and restrained position, astronaut head movement is limited
to motions inside the helmet. The helmet, itself, is not rotatable. Consequently,
to obtain meximum rear view vision, a wide range of adjustment must be provided.
Glare protection for the instrument panel is provided by a suitably placed
translucent hood. Glare protection is required for two reasons: First, to permit
the instruments to be read and the controls to be locatable. Secondly, since

the instruments are environmentally protected by transparent sealed cases, they

capture large quantities of heat due to solar radiation which jeopardize their
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functioning. To provide for this contingency a translucent hood, transmitting
sufficient diffuse light to read the instruments is provided.
Driver stowage provisions are provided on the left side of the control module,
forward of the geological tool rack. It is anticipated that the items to be
included in the stowage list will be primarily GFE. The list might include:
o ILanyard/Life line
Aerosol dust remover
Operations manual
Charts
Pnhotographs
Check lists
Film packs
Log
Drinking water container and water gun
Console Insulation Bag
Radiation Meter
o US/NASA Flag markers
Ingress to the vehicle is accomplished by facing the driver's position, grasping

O 0O 0 0 0O 0O 0O o 0o o

the bell-mouthed restraint arm above the seat and rotating the body so that the
astronaut is facing forward. In this position the arm is still visible to him.
Lowering himself into the seat, the bell-mouthed arm permits the astronaut to
fall automatically into a nested position with the torso inclined backwards at an
angle of 14°. The driver then raises his legs into the foot supports which are
gusseted on the outside ends to prevent foot slippage under motion. Both the
seat and the foot supports are adjustable prior to stowage in the IM to accommodate
the specific astronaut assigned as the driver. Ingress/egress has been validated
by mock-up studies using pilots in a pressurized suit. The procedures were found
to be easily learned and quickly performed. Additionally, body comfort,
mobility, adequate visibility, and reachability of the displays and controls were
confirmed. The restraint bar is easily lowered into position and can be quickly
raised in the event of an emergency.

The stowage position for the driver station is shown in Figure 6.2-2. The seat
restraint systems folds against the front of the control module equipment compart-
ment, while the leg support struts fold under the chassis. Parallel dual

tracks permit the console to slide inboard to the longitudinal centerline of the
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module, forward of the operational position. The mechanism provides for
protection of the wire runs from the console and for a positive locking device
when the console is in either extreme position. In the remote control mode of
operation, the console is moved to the stowed position to avoid interference
with the solar array. The stowage provisions box either collapses for stowage
in its normal location, or is stowed intact on another part of the vehicle,
depending on whether it is stocked before launch or after deployment.

An isotope heater provides thermal heating for the console instrumentation in
the unmanned mode during the lunar night. The lower dorment temperature
exposure limit of the instruments is approximately -60°F. The heater produces
2.5 watts of thermal heat and weighs .25 pounds. Additionally, the console

is wrapped in an insulation bag, composed of aluminized mylar and H-film in
sufficient layers to provide adequate insulation to five sides of the console.
The sixth or bottom side does not adversely affect the temperature equilibrium.
The bag, which is reasonably form fitting (no tight fit is required), is
attached close to the bottom of the console, effecting a modestly closed seal,
with either velcro or attached spring clips. The combination of the heater and
the insulation bag maintains the temperature of the instruments within the range

of -60°F to 210°F during their dormant period in the unmanned mission.

6.2.2 Controls and Displays

The controls and displays complement consists of the panel arrangement and
instruments of the instrument panel, the circuit protection panel, the hand
controller grip and mechanism and the panel lighting.

The instrument panel configuration groups the controls and displays in
accordance with subsystem function and in the order of operational importance

to the driver. The arrangement is shown in Figure 6.2-3.

The mobility controls enable the driver to operate the DIRV in a normal
operational mode or in an emergency mode. The operational controls are centered
around the hand controllers. The hand controller, located in the lowerleft hand
corner of the instrument panel projecting aft, provides incremental power to the
mobility units to drive and brake the vehicle and for steering. Activation

of the hand controllers is through a pistol grip shaped to accommodate the
astronaut hand wearing an extravehicular glove. The grip handle pitches forward
and back as well as rotates laterally both clockwise and counter-clcckwise.

~
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The pivotal point for pitching movement is located between the ring finger and
the index finger in the center of the grip to minimize the introduction of
vehicle motion through the man into the controls. The rotational axis is
located above the cleft for the thumb and forefinger. The forearm of the

driver is braced by an armrest as a means of reducing lateral impulses in

the controller. Functionally, the motions are translated as follows: pitching
the upper portions aft produces incremental braking dependent upon grip setting;
clockwise rotation of the pistol grip produces a steer right reaction, while
counterclockwise rotation does the same to the left. A panel switch permits
placing the vehicle in reverse drive, but all the controller functional motions
remain the same.

Steering the vehicle can be accomplished in two ways: The normal approach is

to power the steering actuator, which changes the angle between modules around
the articulated joints. The back up approach is to vary the individual wheel
driver motor speeds to product differential wheel speed steering. A switch

on the panel permits selecting the steering mode.

The speed range available to the controller is a function of the motor winding
setting. When high torque is required, it is obtained at the cost of a reduction
in velocity through a change in the motor winding. A three position switch makes
possible the choice of high or low speed setting, or an automatic mode. The low
setting is used for velocities up to about 8 km/hr, while the high setting is
for velocities above 8 km/hr. The automatic position provides an automatic
selection of the appropriate setting.

An emergency controller can be substituted for the hand controller in the event
of a malfunction. To do this a panel controller override switch is switched to
emergency. This disconnects the hand controller signals from the system and
substitutes the signals emanating from the emergency controller. The emergency
controller has a tee handle grip that transmits the same functional signals
through the same motions, except that it activates a simple four way switch,
producing a bang-bang on/off control rather an an incremental one. The emergency
controller is located on the instrument panel immediately outboard of the hand
controller. The pivot for the tee handle is a universal joint at the panel
surface.

The panel override switch has another position - "off". The purpose of this

position is to discomnect both controllers. This capability permits the driver
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to stop the DIRV, with no intention of alighting and to reconnoiter, photograph,
study his map, perform scientific implementation or similar operations, and not
expose himself to accidental actuation of the vehicle through jostling of a
controller.

Electrical power control is represented by the master power switch and a panel
light switch. The master power switch controls the power to all equipment except
the communications receiver. This panel switch is an on/off switch which is used
as a manual blanket shut down of power to units during translunar transport and
between sorties. In an emergency, due to an unscheduled high power discharge on
the vehicle, it offers a means of interrupting the discharge quickly.

Display panel lighting is provided in the form of integral lighting composed of
redundant incandescent lamps. The panel lighting switch, in calling for a low
level of illumination, uses one of the redundant lights. The high position uses
all the lamps. The low position circuitry requires a blocking diode to prevent
back powering the redundant lamp.

Navigational controls and displays are available in the form of two numerical
readouts and one moving pointer over a circular marked display. One numerical
readout presents the bearing angle, which is the angle between the vector from
the IM landing site to the DIRV and the sun's rays. The other readout presents
the range, which is the length of the vector from the IM to the DIRV. These two
displays provide the driver with navigational data to locate himself on the lunar
surface with respect to the IM. However, in covering a circuitous traverse the
astronaut would have difficulty orienting the vehicle with respect to a vector,
that is, selecting a specific direction. He can by noting range and bearing
readings estimate the vehicle orientation, but this is not a very satisfactory
driving mode. To improve this condition an azimuth angle display is included.
The azimuth angle is the angle formed by the aforementioned vector to the DLRV
and the longitudinal axis of the DIRV. Thus, driving away from the IM, the
azimuth angle is 180°. When driving to the IM the driver tries to maintain this
angle at 0°. All three displays meintain their last reading in the event of a
Power failure or a communications interruption. The latter is required because
the computer integrating the sensor information for the displays is in the Mission
Control Center.

At the end of each sortie or before commencing the next one the displays are

. brought back to the baseline. Theoretically, when the DIRV returns to the IM
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site, the numerical readings should be zero and the azimuth angle represent the
vehicle attitude but some increment of error can exist and should not be added to
the next sortie. A reset button is therefore provided resetting the system.

The button will be guarded to permit inadvertent actuation. However, should such
action take plece, the ground control can replace the erased data from the computer.
Communications control on the instrument panel consists of a single communications
receiver switch. This switch must of necessity be separated from the master power
switch circuitry because without the capability to receive ground communications,
MCC could not communicate in any fashion with the crew or the vehicle beyond the
line of sight communication from the back pack through the IM. Separate control

of communications allows all other systems to be shut down while a vehicle
malfunction, such as excessive power consumption, is discussed with MCC.

The caution and warning control and display is the master alarm combination light
and switch in the upper left hand corner of the instrument panel. The light
flashes on when a monitored malfunction occurs. The light continues to flash until
the driver presses the alarm, which shuts off the light making it available to
indicate any other malfunction. Verbally, the astronaut interrogates the MCC

for specific details on the malfunction.

6.2.3 Passenger Station

The emergency passenger station is located aft of the equipment compartment,
cantilevered off the rear of the control module, approximately on the longitudinal
axis of the vehicle. (See Fig. 6.2-1). The passenger station is composed of a
seat and support system, & restraint system, ingress/egress aids, and foldup
mechanization.

The seat and support consists of a flexible material that conforms to the outline
of the seated astronaut from behind his knees to his buttocks. The forces applied
to the seat are transmitted to a tubular frame through the cloth under tension.
The tubular freme acts as the main structural distribution member and supports
directly the weight and position of the astronauts backpact. This positioning

of the incapacitated astronaut reduces the possibility of suffocation resulting
from accumulations of his own vomitus.

The passenger restraint system must be capable of providing adequate security

for an incapacitated astronaut even more than for a fully functioning passenger.

The restraint system will be positive, simple and readily engeged/disengaged.
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Also, the system will provide shielding for the astronaut from inadvertant
harmful contact with portions of the vehicle moving relative to the passenger,
if necessary.

Ingress/egress will be provided to assist the passenger in boarding and
disembarking from the vehicle under his own power and initiative. Aids may also
be needed to assist the driver in moving an incapacitated astronaut into and out
of the vehicle.

A foldup mechanism is provided to fold the seat and support provisions into a
transport stowage envelope during the transluner flight, as shown in

Figure 6.2-2. The mechanism incorporates a positive lock and retention system in
both the stowed and operational configuration.
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SECTION 7
SYSTEM TRADECFFS AND ALTERNATIVES

In the course of the study various tradeoffs were made before the selection of the
final system. Of these, three are reported herein. Two were requested by the
Statement of Work and the third is of significant interest.

7.1 PENALITY FOR MANNED CAPABILITY

Crew Systems is the obviosu candidate for deletion if the vehicle is never manned.
The attendant weight reduction is 25 1b. In addition, many subsystem components
could be eliminated or redesigned for more efficient performance. These are
discussed for the affected subsystems.

0 Mobility - The chassis, suspension and wheels may be designed for
lower dynamic loads since unmanned speeds are low. The complexity of
the suspension system could be reduced, providing sbout a 4 1b
weight saving. Manned science mountings (1 1b) could be eliminated.
Structural redesign would allow & 13 1lb savings.

The Traction Drive Assembly may be redesigned. The top velocity

of 0-2 km/hr would allow a fixed gear ratio of about 80:1 to be
substituted for the winding change circuitry. A consequent

increase in reliasbility and reduction in weight would ensue. At
least % 1b. in the six circuits would be realized. The major change
would be in the removal of four wires to each motor (two per phase)
amounting to a 3 to 3/L4 1b saving.

The power requirement of 1/8 HP could safely be cut at least 30%.
This represents a power weight saving of at least 1 1b.

Note: Any reduction in weight from the 1500 1b max. would be a
separate power item.

The total traction drive saving would be about 2 1b,

0 Electrical Power Supply - Batteries may be sized for peak unmanned
power instead of manned sortie energy. The battery size is reduced
from 1.68 KWH (50 1b.) to 0.7 KWH (36 1b.). The array is increased,

however, from 270 W (25 1b.) to 310 W (29 1b.). Attendant weight
saving is 10 1bs.

o Navigation - The VHF Homing Assembly (3.2 1lbs.) may be removed

0 Communications - The signal processor for voice and bio-med may
be removed. Weight saving is L 1bs.
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o Space Support Equipment - Assuming that deployment and activation are still
manned, no changes are required, The provisions for ummanned deployment and
activation would require an additional 50-100 lbs of weight.

o Thermal Control - Thermal control is generally sized for unmanned operations
but some weight reduction 1s possible by removal of approximetely 2 lbs of
phase change material from the Control Module.

A list of the total weight saved is as follows:

Crew System 25
Chassis and Suspension 18
Drive Assemblies 2
Batteries . 6
VHF Homing 3
Signal Processor 4
Thermal Conbtrol 2
60 1bs

T.2 NIGHT OPERATIONS

The present vehicle is designed for daylight operation and has limited night capability
with the battery and RTG energy sources, Usable RIG power is 32 watts and fully
charged batteries provide 588 watt-hr when discharged the design 35%. The normal day-
light driving non-mobility load is 242 watts and the mobility power at 1 k/hr is 106
watts from Figure 4,1-17. About 2 hours of normal operation are possible, before the
batteries require recharge. Alternately, the battery energy may be used only for in-
termittent science operations which would require an average power of 83.7 watts plus
120 watts for telemetry. v

The most practical solution is the incorporation of multi-hundred watt RIG in the pri-
mary power supply. These RTG's are expected to be available in the DLRV time frame. A
system with two 145 watt RTG plus batteries would be satisfactory but would increase
vehicle weight by 64 lbs.

Another possibility is the integration of the RGM power supply with the vehicle power
system, This would provide extra power prior to RGM deployment. The RGM power unit
rating is estimated to be 50 watts. The present RTG maintains the vehlcle during the
qulescent period and, therefore, the RGM power would be available for battery recharge.
This power would charge the batteries in about 17 hr (34 watt effective rate) thus
allowing operations similar to those in daylight except that recharge time 1s increased
fram 3% to 17 1/3 nr.

There is a question about lighting for driving and sample inspectim. The TV camera
will operate under earthshine conditions but 1t is not known whether the picture would
be adequate for driving, sampler arm operation or geological observations of subtle
changes in photometric properties. The performance of the facsimile camera at low
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light levels is also unknown. Lighting for sample inspection and screening is
considered necessary to provide a familiar frame of reference. Such a light
would weigh 1 1b.

7.3 REDUCED SIZE VEHICLE

Lunar terrain mobility capability and safety considerations are closely related
to vehicle sizing. Obstacle negotiation and week soil mobility are enhanced by
large tread, wheelbase, and wheel size. Additionally, a large planform contributes
more to stability, and thus, to safety than any other characteristics of & vehicle
designed to operate on the lunar terrain. The selected DIRV configuration has
38-in. diameter wheels, the largest that can be accommodated, and a 11lk-in. tread
and 96-in. wheel base, obtained by utilizing extendable intermodular drewbars and
a swing arm suspension. There is some weight penalty associated with the large
vehicle, so studies were made to determine the characteristics and performance

of the smallest vehicle that would meet the mobility requirements.

Figure 7.3-1 shows the derivation of the smallest planform vehicle that will meet
the stability and break angle requirements. In order to safisfy the 35o break
angle requirement, the wheel center of pressure must lie below the line shown in
the upper left sketch. The h5° stability requirement can be satisfied only if
the wheel center of pressure lies abové the line shown in the left center diagram.
Combining these two requirement results in the allowasble range shown in the lower
left diagram. The smallest allowable tread is then 82.6 in. If the wheels are
made smaller, the suspension arms must be longer to reach the wheel hub, as shown
in the lower left. The wheelbase for the small vehicle is 85-in., based on the
break angle requirements shown in the lower right. The allowable range shown c.g.
location will be most difficult to meet, in view of the weight variation during a
mission; the c.g. on the selected design lies forward of this location.

The plan views of the large and small vehicles are compared in Fig. 7.3~2. The
planform areas must be the same due to equipment and science requirements. The
differences lie simply in the length of the drawbar andthe pivot location for the
suspension arms (the lengths of the arms are nearly identical). The extra weight
for the large planform is due only to the small drawbar extension and slightly

larger cap .areas reqiured for the drawbar and chassis due to the longer spans.
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The weight comparison for the two vehicles is shown in Table 7.3-1. The savings
due to reducing the planform is only 7 1b. A structurel weight savings of 13 lb.
results from reducing wheel size; however, the associated increase in rolling
resistance will require a partially offsetting weight increase in the power

system.

A performance comparison of the small and large vehicles is shown in Table 7.3-2.
The small vehicle has a smaller minimum turn radius which provides better maneuver-
ability, but this turning capability must be used with caution because its stable
turn radius at high speed is almost four times greater than the minimum, and it

is 349 greater than that of the large vehicle. Roll acceleration, which is
probably the most significant parameter from the ride comfort viewpoint, is must
lower on the large vehicle. Another factor not shown in the table is the lower
rolling resistance of the large vehicle in a turn, due to tracking of the wheels;
the steering pivot for the small vehicle is not midway between the wheels, producing
off-tracking in turns. .

This study led to the conclusion that the large vehicle provided &n increase in
performance that justified the relatively small weight expenditure required to
obtain it. Of course, if the weight penalty simply could not be afforded, the

size would have to be reduced; however, in view of the importance of mobility
performance to a lunar vehicle, reduction in size must be regarded as one of the

least desirable approaches to weight reduction.
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TABIE 7.3-1

SIZE TRADEOFF

- REDUCE TREAD,
REDUCE REDUCE TREAD WHEELBASE &

CURRENT WHEEL SIZE & WHEELBASE  WHEEL SIZE
Dimensions
Wheel Base (in.) 9% 9% 85 85
Tread (in.) 11k 114 83 83
Wheel Dia. (in.) 38 32 38 32
Suspension Length (in.) 18 21 18 21
Footprint Length 1.0 .82 1.0 .82
Weight
Wheel 75 59 75 59
Chassis 7 77 73 73
Wire 38 38 - 36 36
Suspension 30 33 30 33
Actuators _ 18 18 17 17
TOTAL CHANGE 238 225 231 218
(0) (-13) (-7) (-20)

II/I.7-9




TABIE 7.3-2
PERFORMANCE COMPARISON
SMALL VS LARGE VEHICLE

SMALL VEHICIE LARGE VEHICLE
83" x 85" 114" x 96"
Roll Stability Angle 45° 57°
Pitch Stability Angle 42° 45°
Min., Turning Radius 108 in. 138 in,
Min, Stable Turn Radius at 16 km/hr 410 in, 300 in.
Roll Acceleration (Rough Mare @ o 4
8 km/hr) 1.37 Rad/ Sec 1.13 Rad/Sec
Obstacle Step Crossing (6 x 6 vehicle) 38" Le"
Ground Clearance 26 in. 34 in,
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SECTION 1
INTRODUCTION

The DLRV is to be carried to the lunar surface in two Quads of the EIM delivery
vehicle. After touchdown it must be unloaded and readied for use. This book des-
cribes the tiedown, unloasding, set-up, and checkout methods and procedures
associated with the selected configuretion.

Section 2.0 describes how the DIRV is supported in the EIM, and presents a pre-
liminary design of the support structure.

Section 3.0 details the deployment operation, and presents a preliminary design of
the off-loading mechanization. Also included is a description of the set-up opera-.
tions required after unloading to make the vehicle ready for use.

Section 4.0 deels with the checkout procedures used by the astronauts and the ground
control station to assure that the vehicle is operating properly.

The DLRV configurations, both stowed on the EIM and set-up for manned and unmanned

operation, are discussed in Section 3.2 of Book I, Volume II.
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SECTION 2

TIEDOWN
2.1 REQUIREMENTS
The tiedown structure provides support for the DLRV during all mission phases from
installation on the EIM up to and including deployment on the lunar surface. Addi-
tionally, it supports the DLRV in a manner that isolates it from EIM primary loads
so that EIM structural load paths are not modified, and residual structural defor-
mation after landing does not load the deployment joints.
The vibration and shock enviromment imposed by launch and landing mekes it desireable
that the support structure be as stiff as possible to raise the resonant: frequency
and minimize the dynamic accelerations applied to the DIRV.
The geometry of the support system must satisfy the load direction constraints
applied to the EIM hard points and also facilitate unloading. Since the release
of the DLRV work statement, development of the EIM has resulted in new payload hard
point locations which are beneficial to both the EIM and the DLRV. These have been
used in lieu of the points specified in Annex A of the work statement.
2.2 STRUCTURAL ARRANGEMENTS
The structural arrangement of the DLRV tiedown is shown in Fig. 2-1. The drawing
shows the support structure for the control and power modules carried in Quad I,

but the geometry and method of support are identical for the science module in Quad IV.

The DLRV payload package is supported at three points, two lying in the plane of
the lower shear deck of the descent stage and the third lying in the plane of the
upper shear deck, The two lower points are trussed out from the descent stage box
structure, and can resist loads in all directions. A line between these two points
defines the hinge for initial deployment. Loads in a direction parallel to the
hinge line are taken at only one support point to enable EIM structural deflection
without loading the DLRV support structure.

The top of the DILRV package is stabilized by a horizontal strut to a support point
at the inboard corner of the quad. This support point can resist loads only in a
horizontal or Y-Z plane. By the use of this support method, a vertical displacement
of the two outside corners of the quad relative to each other results in a rotation
of the payload package and consequent translation of the upper portion without re-
straint. This eliminates binding at the deployment latch or hinge fititings caused
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by deformation of the EIM design stage after landing.

The derivation of design loads for the stowed DLRV is discussed in Vol. II, Book IT,
Sectjon 4.3.1. Using these criteria, preliminary design loars for the DLEV support

vere derived, and are summarized in Fig. 2-2.

2,3 STRUCTURAL DESIGN

The preliminary design of the support structure for the control and power modules
in Quad I 1s shown in Fig. 2-1, The strut members are identical for the science
module in Quad IV, but there is no yoke assembly. Instead there 1s a science
module support structure as shown in Fig, 2-3.

2e3e1l Strut Assembly

The strut assembly supporting the upper portion of the stowed DLRV is an axlally
loaded member sbout 36 inches long. The inboard end fitting provides the struc-
tural interface to the EIM while the outboard end incorporates the primary de-
ployment latch. The remote control deployment actuator is mounted on this
member., The strut clears the EIM upper diagonal member, but requires snubbing
support to limit its deflection under vibration.

2.3.2 Yoke Assembly

The yoke assembly provides the structural continuity between the control module
chassis and the lower tiedown points. It also provides the means of rotation and
translation during deployment.

The DIRV is supported in the vertical direction at the deployment transletion latch
located at the extremities of the yoke arms. The load is transferred by the arms
to the hinge fittings. Loads normal to the chassis plane are sheared +to the yoke
beam and then to the hinge fittings. ‘orizontal loads are sheared to the yoke
beam and then transferred axially to one of the hinge fittings.

The yoke arms incorporate the rail mechanism which supports the vehicle during
the translation phase of deployment.
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2.3.3 Science Module Support Structure
Fig. 2-3 shows the structural assembly which supports the science module during

stowage by providing the structural continuity between the chassis and strut and
deployment hinge fittings. Support is also provided for the module during and
after deployment to the lunar surface until the module is separated by removal of
the outer hinge pin. Additionally, this structure adds to chassis rigidity in
the stowed configuration. (The science module chassis is also shown in the
figure. See Section 5.1 of Book 1, Vol. II for a discussion of the chassis
details). Included in science module support structure are stowage provisions
for the solar array panels, tilt drive mechanism, and tripod support. Space is

available for stowage of other items that may be required in the future.
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fy the maximum rotational motion required at the deployment hinge mechanism and
the required length of the deployment support cable assembly. The last condition
of maximum vehicle angular twist is created when the power module contacts the
lunar surface and twists relative to the control module which is hinged and align-
ed to the EIM descent stage. These conditions result in an angle of twist of up
to 29O which must be accommodated by the wheel suspensions and the intermodular

drawbar assembly.

3.1.3 Unloading Time
The total time period needed to unload the DLRV is not considered vital to the

mission profile assuming it is kept within reasonsble limits. It can be reasoned
that the shorter the time period, the less it impacts on the mission timeline,
and the sooner a deployment failure can be uncovered and corrected. Less

then a half a minute is estimated for unloading either the power and control
modules or the science module. This time includes disconnecting the structural
tiedown system, rotating downward, unfolding the vehicle, and displacing it clear

of the delivery vehicle onto the lunar surface.

3.2 UNLOADING PRELIMINARY DESIGN

The total (6 x 6) assembly of the DLRV requires two separate unloadings. The
control and power modules, which are stowed together in Quadrant I of the IM de-
scent stage and kinematically function together during deployment, represent one
unloading. The science module, which is mounted external to Quadrant IV, con-
stitutes the other. The unloading kinematics for both are similar since the
science module utilizes a structural tiedown support assembly which also kinemati-
cally functions with it durihg deployment.

The deployment of the DLRV is accomplished by a system of stored energy devices,
gravitational forces, slave mechanisms, and locking devices which are mechanically
sequenced. To save weight, all redundant mechanical systems have been eliminsted

by relying upon an astronaut to backup the primary automatic mode,

3.2.1 Control/Power Module Unloading
The control and power module unloading is done in two stages:

o Unlatching from the IM and lowering of the power module wheels to the
surface

o Extension of the chassis and extraction from the EIM

II/II.3-2



SECTION 3

UNLOADING
The method used for unloading the DLRV must consider the multiple interfaces and
requirements created by the IM derivative delivery system and overall mission pro-
file. The tiedown arrangement discussed in Section 2 forms the foundation for
this unloading concept. The selected approach provides a highly automated deploy-
ment, requiring little astronaut participation, within the critical weight and

reliability constraints.
3.1 REQUIREMENTS

3.1.1 Automation

It is considered desirable that the deployment of the DLRV be automated as far as
possible to minimize astronaut participation, save EVA time, and allow ready
growth to a fully remote mission. Deployment initiated by a signal from the EIM
cabin has the adventage of enabling the astronauts to veiw the operation through
the windows and confirm its success before the EVA. In the event of a problem
with deployment, & recommended solution could be immediately worked out between

the astronauts and MCC prior to the EVA, thus saving valuesble EVA time.

3.1.2 Landing Attitudes

An important design consideration of the unloading method and the kinematics of
motion is the post-landing attitudes of the ELM and the probable lunar ground
lines. Fig. 3-1 depicts the critical EIM landed positions and ground slopes which
must be accommodated when DLRV deployment takes place. As is shown, the combine-
tion of EIM tilt (+ 1L %9) and ground slope (+ 6°) produce three critical landed
conditions: minimum ground clearance, maximum ground clearance, and maximum angu-
lar twist of vehicle due to ground sloping. The indicated 1lk-inch minimum ground
clearance condition defines the kinematic deployment geometry for the selected
DLRV tiedown configuration. This condition points out the need for rotating the
outboard power chassis upward and outward to clear the ground line, and to place
the power chassis on the lunar surface with its payload upright. The power equip-
ments (batteries, power conditioning unit and RTG) must be stowed facing outboard
to allow for spacecraft checkout and servicing, The maximum ground clearance

condition of 62 inches, although less criticsl in the kinematic sense, does identi-

II/1I1.3-1
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trol module combination, One difference is that no translation is
required to clear the unfolding of a second pair of wheels. Once

the science module wheels have contacted the lunar surface, the
astronauts perform the remaining tasks of releasing and joining

the modules togehter. The 4 x 4 vehicle is backed up within proxi-
mity of the off-loaded science module and its suspension repositioned
to the ummanned vehicle mode. The science module deployment support
cable is slackened allowing the astronaut to align the science chassis
with the 4 x 4, The intermodular drawbar, which is stowed as a
separate pilece, is fastened to the science module, The science module
is then detached from its support structure by pulling the hinge pin.
It is them moved to the L4-wheeled vehicle, The drawbar is inserted
into a bell-mounted receptacle on the power module where it latches.
A visual inspection of the DLRV is performed noting dll science module
latches and locks. Verification of their assembledrintegrity is
accomplished by observing a color-coded or otherwise clearly identi-
fied marking system. ‘
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Unlatching from the IM is initiated inside the ELM cabin by energizing two
electrical solenoids which trip an over-center release latch at the upper
support strut and allow a torsion spring to pivot the folded chassis out

from Quad I. Figure 3-2 shows the mechanization for deployment, while Figure
3-3 shows the sequence. As the forward chassis module pivots about the hinge
line, a synchronizing cable unfolds the aft module wheels to be deployed via

a slave linkage, placing them in position to contact the surface. A cable re-
straint assembly lowers the chassis at a controlled rate until the aft wheels
make contact with the surface.

The second deployment stage requires that power be supplied to the power
mo&ule‘wheels in order to operate them remotely. The unfolding motion of the
chassis modules activates a switch in the power line of one DLRV battery to
connect it to the electrical power bus. When the battery is connected, the
aft wheel drive assemblies receive electrical power, and the aft wheels can
be operated remotely. As the DLRV comes to rest on its rear wheels, a switch
is operated by the astronaut in the EIM cabin to initiate‘the second part of
the deployment sequence. With the aft chassis wheel drive preset for reverse
operation, the switch circuit energizes the wheel motors causing the two
chassis to telescope apart to the drawbar. When they are fully extended the
drawbar is locked, the forward chassis is pulled free of the deployment yoke
and the front wheels make surface contact. The parking brake is preset, (prior
to launch) in the engaged position on the forward wheels to prevent any move-
ment of the DLRV on the lunar surface. When the astronaut begins his checkout
procedure he disconnects the two deployment cables and the electrical umbili-
cal connected to the DLRV. The total estimated time required for unloading
is less than 30 seconds.

3+2.2 Science Module Unloading
The unloading sequence shown in Figure 3-3 for the science module and its

tiedown structural adaptor i1s the same as the sequence for the power and con-

TI/I1.3-5
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3¢2¢3 Manual Override of Deployment

In the event the DLRV unlatching solenoids fail to function, a lanyard accessible
from the gIMegress platform is pulled by the astronaut to unlatch the DIRV and start
the deployment sequence,

A second lanyard line attached to the power module is sufficiently long in length to
permit the astronaut to remotely pull the vehicle causing it to free itself and con-
tinue the deployment sequence, Since all the unloading kinematics are accomplished
by sequential operations, where each one is slaved to the preceding one, the simple

chassis lanyard provides an excellent method for guaranteeing inloading.

3.2.4 Mechanization

The number of individual mechanical functions required for unloading demands that
each be as reliable as possible consuming a minimm of mechanical energy. The re-
commended unloading design, shown in Fig, 3~2 » relies mainly on mechanisms such as
bellcranks and latches which require simple pivots for rotation. Sliding type
mechanisms have also been used Wi only under lightly loaded conditions and then
when backed up by redundant actuation. Mechanical springs, both torsion and com~
pression/extension types, are used throughout the unloading mechanism to provide
a passive actuation energy. Finally, the entire mechanical sequence is rate con-
trolled via the deployment inertia cable drum assembly which allows sub stantial

time for each event to take place.

3.2.5 BSafety Considerations
Significant steps have been taken to insure a safe unloading procedure of the DLRV.

Both the astronauts and the vehicle are safeguarded against any malfunctions of the
deployment mechanisms. From the standpoint of the vehicle, an inertia cable/drum
assembly supports the DLRV during unloading and controls its rate of deployment to
the lunar surface, A system of electrical solenoids is used for initial actuation
in lieu of pyrotechnic devices which could produce debris causing structural fail-
ures,

The safety precautions for the astronauts are derived mainly from the remote posit-
ioning of the astronauts relative to the areas of DLRV unloading., As already men-
tioned, normal operation occurs with the astronaut in the EIM cabin.The manual
backup mode is accomplished using lanyards which again position the astronaut re-
motey from the unloading area. Once the vehicle has been unloaded and erected,

IT/1I.3-15



the astronaut can quickly determine the DLRV's structural integrity by visual
inspection. All latches and locks necessary to assure the structural integrity

of the vehicle are color coded or otherwise identified to permit a positive ‘
visuel examination of their final structural positioning. ' ‘
3.3 SET-UP TASKS ;
Some astronaut tasksare required to prepare the DLRV for both the manned and unmanned 1
portions of the mission after it has been unloaded. These have been kept to a |
minimum, and the limitations of the suited astronaut and time constraints have ‘
been considered. j
3.3.1 Manned Mission |
After the vehicle is off-loaded from the EIM, either automatically or by manual ]

|
backup mode, and deposited on the lunar surface, it is in the condition shown in |
Fig. 3-3g. The vehicle is then prepared for operational readiness by performing
the manusl set-up tasks described below:

0 Walk-around inspection of the vehicle, removing wheel snubbing devices,
plume shielding, and disconnecting the umbilical

o 90o rotation of the antenna mast to the erect position. This action
releases the omni antenna stem mast which self-erects

o Set-up crew station by unfolding driver restraint structure, repositioning
the console, extending the foot stirrups, and locating the storaege box

o Unload and erect solar array
The vehicle nay now be driven for a short checkout, ending up at a location conven-
jent for loading the manned science equipment. The total time for these tasks is
estimate to be 10 min.

3.3.2 Unmanned Mission

The science module is off-loaded automatically and rests on the lunar surface in the
configuration shown in Fig. 3-3 (J). The tasks for remote mission set-up are as
follows:

o Remove manned science equipment
Cover console with thermal blanket
Reposition L4 suspensions
Unstow drawbar and attach to science module

O O O ©O

Pull pin connecting science module to its support structure and attach
module by inserting drawbar into socket in power module

II/I1.3-16




Transfer steer actuator
Erect TV mast and attach hazard detector antenna
Erect solar array

o O O O

Set up remote science by relocating gravimeter and magneto-
meter sensor assembly, and mounting RGM

The totel time for these tasks is estimated to be 62 min. Refer to Section 2.2
of Book I, Vol. II, for a complete description of the DLRV timeline.

I1/1I.3-17/18



SECTION 4
CHECKOUT

Since essential measurements and telemetry are provided for unmanned operations
(See Appendix A, Book II of Volume III for measurements list) the assessment of
the vehicle integrity is done primarily by the ground during functional checks.
The driver's panel does not provide any visual display of subsystem of status data.
As long as the vehicle is not driven farther than convenient walk-back distance,
% km, the functional checks and related ground monitoring may be integrated with
the planned science operations.
4.1 INITIAL CHECKOUT - MANNED SORTIES
The manned vehicle and science module are deployed by command from the EIM. The
manned configuration is first checked and tested before continuing the initial
sortie operations described in Vol II, Section 2.2 of Book I.
The recommended sequence of operational and estimated durations are listed in
Table 4-1. '
4.2 TYPICAL PRE-SORTIE CHECKOUT AND ACTIVATION
Since the vehicle status is continuously monitored by the ground and the vehicle
presumably was operating properly during the previous sortie, only & few operational
checks are required before driving. These include the following procedures:

o Inspect visually
Disconnect solar array
Turn on Power

Confirm ground communications

o O O O

Initialize navigation
The total time is estimated to be 14 minutes.

II/TI.h-1



TABLE 4-]1 INITIAL CHECKOUT - MANNED SORTIES

TIME
OPERATION DURATION ELAPSED
MIN HR : MIN
1. Turn on electrical power which activates all 5 0:0
subsystems. Confirm with ground via EIM voice
link
2. Ground establishes communications. Steerable 5 0 : 05
antenna is ground directed if necessary
3. Ground monitors subsystem status and confirms 10 0 : 10
by vehicle voice link.
4. Ground checks all communication modes. 5 0 : 20
5. Ground checks all remote control commands 10 0 : 25
except mobility commands
6. Test drive within £ km of EIM. Ground monitors 15 0: 35
Check all modes throughout operating ranges:
® Forward and aft
) Winding shift
° Braking and parking brake
™ Aticulated and differentisl steering
7. Test mobility remote control by driving short 10 0 : 50
distances with crewman monitoring
8. Initialize navigation computations 1 1: 00
9. Check navigation subsgstem by ground monitoring 15 1:01
of test drive at + 90" and -90° to sun. Check
distance traveled with Survey Staff.
10. Begin other sortie operations 1: 16

IT/IT.b-2




4.3 POST-SORTIE CHECK AND DEACTIVATION
The post-sortie check is performed after each sortie and takes about 10 minutes,

Operations are:
o) Turn off power
Apply perking brake
Unload samples
Clean dust from sensitive areas

Connect solar array

O O O O O

Inspect visually

L.4 UNMANNED CHECKOUT

After the conversion to the unmanned mode described in Section 2.2 of Book I,
Vol II, the vehicle is checked by the ground and observed by the astronauts.
This procedure permits assistance from the crew in the event of a manlfunction.
The science module has not been previously used. Related unused equipments are
the hazard detection subsystem, a1l unmanned science, the directional gyro, tilt
sensors, TV camera and the mobility components of the module. The solar array
has been used but not when installed on the control module. The operations and

estimated durations are listed in Table 4-2.
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TABLE 4.2  UNMANNED CHECKOUT AFTER CONVERSION

OPERATION

Turn on electrical power. Confirm with ground

Establish communicetions and check modes
(except TV)

Check TV camera modes

Check remote control commands except mobility
Test drive by remote control within % km of
EIM. Checkall modes. Monitor on ground.

Concurrently test hazard detection system.

Remotely opersate all science equipment in all
modes

Initialize navigatior computations

Check navigation during test drive at +9Oo
and -900 to sun.

Begin unmanned mission

TIME

DURATION ELAPSED
MIN HR : MIN

5 0
10 0 : 05
10 0 : 15
15 0 :25
15 0 : Lo
30 0 : 55
1 1: 25
15 1: 26
1:h
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SECTION 1

INTRODUCTION

The support equipment (ground support, special test, lunar support, ground
operating and training equipment) investigated and defined for the DIRV program are
Presented in this book of the final report. 1In general, the scope of the effort
required in support of the DIRV during the development, manufacturing, testing
pre-launch and mission operation phases of the Program is composed of the following
activities:

0 Support system engineering relative to equipment berformance criteria,
facility/support equipment design, and interface determination and control

©0 Support equipment design, development, acquisition, manufacturing
coordination and delivery

Support equipment test and evaluation
Site support
Scheduling of equipment for the DLRV program

Maintenance of support equipment

O O O o o

Material (spares, bulk, and modification kit material) support program to
ensure hardware availability for the development, testing and operation of
the DIRV and related support equipment

Training requirements
Transportation functions

Support manuals

o 0 o0 o

Applicable product support documentation relative to the above (data for
specifications, drawings, etc.)

1.1 APPROACH
1.1.1 Ground Rules and Assumptions

In the interest of economy and schedules, existing support equipment, spares,
documentation and GFE will be utilized for the DIRV program. The equipment defined
in this report does not include support equipment for ground checkout, servicing
and handling of the scientific experiments or the DIRV Control Center.

1.1.2 Support Equipment Design

The type, quantity and quality of support equipment were determined with regard

to the following considerations:

IT/III.1-1



o Artificial stimuli will be provided to the wvehicle only in situations
where it is not feasible to provide normal intersubsystem inputs.

o Malfunction detection and isolation capabilities will be provided for
DIRV electronic replaceable assemblies (ERA's) or groups of several ERA's
installed in the vehicle.

o The majority of checkout operations performed on subsystems installed
in the spacecraft will be performed by checkout equipment having remote
semi-automatic capability. ©Some of the checkout operations will be
performed by the equipment with manual-local control capability.

o The absolute minimum weight penalty shall be imposed on flight equipment
consistent with vehicle checkout requirements, even to the extent of
increasing the complexity of the support equipment.

o Electrical connections will be positively keyed to prevent incorrect
connection with adjacent accessible connectors unless the mating
connector(s) do not permit such keying.

o Support equipment will be designed for fail-safe operations.

o Checkout and servicing support equipment will be designed such that a
failure of any specific support equipment will not cause a failure in
the facility or in the flight equipment being serviced or checked.

o Assure that the support equipment is designed to permit maximum possible
ease of accessibility to equipment requiring replacement, servicing or
adjustment of calibration.

1.1.3 Ground Systems Specification

A specification has been established for the specific types of support equipment
required for support of the DLRV, flight equipment development tests, manufacturing
assembly, transportation, acceptance and prelaunch checkout operations. The
specification establishes the general performance, design, reliability, environ-
mental requirements, maintainebility, transportability, safety requirements,

quality assurance provisions and shipping criteria of the DLRV support equipment.

This ground systems specification, published as Book II of Vol. VI, is generally
applicable to the DIRV's control center consoles described in Vol. V, Mission
Operations; however, specifications which apply to existing flight control consoles
will be utilized.

II/III.1-2




SECTION 2

SUPPORT EQUIPMENT

2.1 MECHANICAL GSE

Major articles of mechanical support equipment established by investigation of
vehicle subsystems, systems, acceptance test procedures, factory buildup, site
support and pre-launch operations are functionally identified in the following
paragraphs. These items are listed in Table 2-1 and reflect the mechanical

support equipment required for a specific vehicle configuration or site.

2.1.1 Test Sets
2.1.1.1 Installation and Test Fixture
This structural fixture supports the DIRV during final component installation

and test operation. The fixture minimizes loads on the vehicle suspension and
steering mechanism while allowing accessibility to all parts of the vehicle.

For test purposes provisions are made for 1 - g operation and mounting of an
integrated mobility checkout kit. Capability is provided for articulation and
roll of the assembled DIRV. Configurations are provided for use in both ambient

and thermal vacuum environments.

2.1.1.2 Deployment Fixture

This fixture, when used in conjunction with the stow/transport fixture, demon-

strates DLRV l/6-g deployment capability in a 1 - g environment.

2.1.1.3 Mobility Vehicle Test Set
This is a test set composed of the equirment necessary to support the DLRV mobility

unit during simulated lunar site traverses. Ineluded are tiedown bracketry for
the support vehicle, a remote control station, and remote control cable support.
Provisions are incorporated for cooling the flight electronics and measuring the

steering joint angle.

2.1.2 Servicing Equipment
2.1.2.1 RIG Cooling (In SLA)
A cooling system is provided to dissipate excess heat from the activated RTG and

prevent damage to critical EIM components near the stowed DIRV.

If a SNAP-19 RTG is used 675 W (2300BTU/hr) of thermal output must be dissipated.

II/III.2-1/2
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MECHANICAL SUPPORT EQUIPMENT

TABLE 2-1 -
=
5o | ¢ =1 1 ol e o TR
SUPPORT EQUIFMENT NOMENCIATURE £ SE|BE LE|BE g E A1 BE|E B |8 s g |5
INSTALLATION AND TEST FIXTURE o o o o |o c |o |o 1 1 32 M
DEPLOYMENT FIXTURE o o o 0 o lo o Jo Jo 1 1|2 M
MOB, VEHICLE TEST SET 0 0 1 }J1 1 M
RTG COOLING (IN SIA) c Jo o |o [o 11 M
DLRV/SIA PLATFORMS o |o c o o 1)1 GFE
BATTERY STORAGE TRACK TEMP CONT. o o (oo | o o o 1 1 {2 B
INSTALL. AND TEST KIT (THERM VAC. o o |o o o fo 1 1 M
CHAMBER - BPA)
POWER DIST AND COND ASSY FIXTURE o o o} o o o |o o Jo }o 1 1 M
INTEG MOB SYSTEM C/OC KIT (MECH) o o o o o o |o {o 1 1 j2 M
THERMAL RAD C/O KIT o o o o o o fo i 1 (2 M
TRACTION DRIVE C/O KIT o o o o o o {o o Jo Jo 1 1 B
STEERING ACTUATOR C/C KIT o o o c o c o c o }o 1 1 B
OPTICAL ALIGNMENT EQUIP, - C/O KIT o o N o ) o |o c jo jo 1 1 M
FIXTURE, CHASSIS ALIGNMENT o o o o o o o ¢ jeo le 1 1 ]2 M
SOIAR ARRAY POSITION AND DEPLOY o o o jo o Ju Jo 1 1 2 M
STOW/TRANSPORT FIXTURE o o o o o o | o fo |o 2 1|3 M
INSTALTATION/EXTRACTION KIT © o o] o |o o jo }o 1 1 ]2 M
VEHICLE SLING o o o o o o |o o o Jeo 1 1 12 M
BATTERY SHIPPING CONTAINER ¢] 0 o 0 o c o 1 1 2 B
SOLAR ARRAY-INSTALL, REMOVAL AND o Q o o o] ¢] 0 1 1 2 M
PROTECTION
GSE CREW SEAT AND RESTRAINT ¢ o) o o o o 0 o 1 1 2 M
SEAT AND RESTRAINT INSTAL AND REMOVAL o o © o fo o |o }o 1 1 12 M
CONTROLS AND DISPIAY INSTALL AND o o o oo o fole |1 1 e |m
REMOVAL
NAVIGATION INSTALL, AND REMOVAL o o o o |c o o Je 1 1 }2 M
PROTECTIVE COVERS/CONTAINERS 0 o o c o o jo fo 1 1 2 M
BATTERY SERVICING AND HANDLING EQUIP ul o o o v o o) 1 1 2 M
SOIAR ARRAY SIMULATOR (MECH) o o o o o |o o lo {o 1 112 B
RTG SIMUIATOR (MECH) o o 0 o |o o o Jo 1 1 |2 B
SPECIAL TOOLS o 0 o o |o o o jo 1 1 ]2 M




The existing cooling ring in the IU can provide this cooling. If additional
capacity is required due to an increase in RTG size, the cooling will be provided
by KSC facilities.

2.1.2.2 DIRV/SIA Platforms
These provide access to the DIRV in the SILA for battery installation and monitoring.

Modifications to these platforms will be accomplished through ICD's.

2.1.2.3 Battery Storage Rack - Temperature Controlled

An environmmentally controlled storage rack (temperature 35° - 45°F, relative
humidity less than 50%) will be provided for long-term storage of batteries. It
will be capable of accommodating two sets of vehicle batteries and providing ease

of battery handling in and out of the storage rack.

2.4.2.4 Installation and Test Kit - Thermal Vacuum Chamber - BPA
This set consists of equipment required to install and service the DLRV test

configurations (control module and power module) or (power module and science
module) in the thermal vacuum chamber in BPA. Equipment includes slings, work

and access platforms and special installation/servicing tools.

2.1.2.5 Power Distribution and Conditioning Assembly Fixture -

Test and Servicing Equipment

A pre-installation fixture will be provided to support the power distribution and
conditioning assembly during test and servicing. The fixture will be capable of
maintaining a constant "Black Box" temperature during all test and service opera-
tions. The fixture consists of a regulated water cooler supplying 60°F water to

cold rails for the transfer of heat from the electrical units under operation.

2.1.3 Checkout Equipment
2.1.3.1 Integrated Mobility System Checkout Xit (Mechanical)
This kit consists of the six assemblies required to check out the DIRV integrated

mobility system. Each assembly, composed of loading cylinder, dynamometer, belt
and load monitoring equipmen is mounted to the installation and test fixture,

and provides selected mission loads to the wheels, either individually or in any
combination simulating lunar operational conditions. Two kit configurations will

be prowided, one for ambient tests, and the other for thermal-vacuum tests.
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2.2.3.2 Thermal Radiator Checkout Xit

This kit consists of the equipment necessary to verify the integrity of the DIRV
thermal radiator and heat pipe system. The primary components are a halogen leak
detector, freon purge and fill system, low wattage heaters and temperature trans-

ducers.

2.1.3.3 Traction Drive Checkout Kit

The traction drive checkout kit will be used to verify the operational parameters

of the wheel drive assembly (WDA) during test of the qualification test article and
flight vehicles. The kit provides the capability to test the motor and gearbox,
brake and declutch assemblies. The end item consists of force, velocity and

displacement sensors, variable load units and assiciated controls and displays.

2.2.3.4 Steering Actuator Checkout Kit
The steering actuator checkout kit will be used to verify the operational para-

meters of the steering actuator assembly (SAA) during test of the qualification
test article and flight vehlcles. The kit is composed for force, velocity and dis-

placement sensors, variable load units and associated controls and displays.

2.1.3.5 Optical Alignment FEquipment Checkout Kit
This kit is used to optically verify the mechanical angular alignment of certain

vehicle components with respect to the vehicle reference frame. Optical equipment
includes vertical tooling bars with levelers, theodolites, and electronic levels.
The kit is capable of checking the alignment of certain critical components,
including the S-band directional antenna, S-band omni-antenna, solar sensor,

video and facsimile cameras and solar array.

2.1.3.6 Chassis alignment Fixture

Optical equipment (including theodolite and electronic levels) will be provided
to optically check the alignment (bore sight) of critical components of the vehicle

chassis with respect to a vehicle reference frame.

2,1.3.7 Solar Array - Positioning and Deployment - Servicing and Checkout

gguiggent
This fixture supports the solar array to facilitate deployment and positioning

under earth environment. The fixture will be capable of simulating a l/6-g
lunar environment during operation of the solar array, either on or off the
vehicle.
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2.2.4 Handling and Shipping Equipment
2.1.4.1 Stow/Transport Fixture

This dual-purpose fixture serves as a stowage fixture for the DIRV deployment
fixture as well as a DILRV transportation fixture. In the former capacity it
permits stowing the DLRV in its restraint mechanism while simulating the EIM
interface mounting points, adjacent structure, and height. The fixture is used
in conjunction with the deployment fixture. In the latter capacity, when fitted

with a cover and wheels, it permits interplant and intersite transportation.

2.1.4.2 Installation/Extraction Kit
This kit of specially configured slings and guides is used to install (or remove)

the DLRV and its restraint mechanism in the ELM descent stage. The design provides
three-axis motion to permit aligmment and prevent damage to the ELM/DLRV interface

points.

2.1.4.3 Vehicle Sling
This item is used for handling any one or all three of the DIRV's modules, in

both the deployed and stowed configurations. Adjustable straps allow pickup over
the c.g. for the various hoisting modes. The inclusion of an adapter permits

weight and balance determination of the DIRV in a stowed configuration.

2. LL4.4 Battery Shipping Container

A temperature-controlled atmosphere will be provided for storage and shipment of
activated batteries prior to installation in the DIRV. This portable hermetically
sealed container will maintain an enviromment which is impervious to atmospheric
changes (35°F to 45°F, 50% maximum relative humidity for a minimum of 24 hours).
The battery container is also shock resistant and comes equipped with a temperature

and humidity indicator.

2.1.4.5 Solar Array Installation, Removal and Protection - Servicing Equipment

Handling equipment (tools, fixtures and covers) is required to facilitate installa-
tion, removal and protection of the solar array panel assemblies. Special handling
equipment is required to insure the integrity of the solar array during all phases

of handling including installation, removal, test, checkout, storage and moving.

2.2.4.6 GSE Crew Seat and Restraint

A crew seat and restraint system will be provided to simulate the vehicle seat.

Tt will be capable of withstanding all loads (dyneamic & static) during vehicle
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test and checkout in earth environment.

2,1.4.7 Seat and Restraint - Installation and Removal Tools and Handling Fixtures

A handling fixture and special tools will be developed to permit efficient storage,

installation, removal and handling for the vehicle seat and restraint.

2,1.4,8 Controls and Displays - Installation and Removal Tools and Handling
Fixtures

A handling fixture and special tools will be developed to permit efficient storage,

installation, removal and handling for the vehicle's controls and displays.

2.1.4.9 Navigation - Installation and Removal Tools and Handling Fixtures

A handling fixture and special tools will be developed to permit efficient
storage, installation, removal and handling for the vehicle's navigation

equipment.

2.1.4.10 Protective Covers/Containers

These consist of all the devices required to physically protect selected components
and subassemblies during individual interplant shipment and after final component

installation on the DLRV.

2.1.4.11 Battery Servicing and Handling Equipment

This set consists of all the equipment required for handling, shipping, servicing

and installing the DLRV batteries.

2.L.4.12 Solar Array Simulator (Mechanical)

This unit, utilized as a mechanical integration mockup, has physical characteristics

which duplicate earth weight, volume and cg of flight hardware.

2.1.4.13 RIG Simulator (Mechanical)

This unit, utilized as a mechanical integration mockup, physically duplicates the
earth weight, volume and cg of the flight RTG.

2.1.4.14 Special Tools

The special tools are other than standard manufacturing tools required because of

peculiar installation or adjustment features on selected components or subassemblies.
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2.2 ELECTRICAL GSE

Major articles of electrical support equipment established by investigation of

vehicle subsystems, systems, acceptance test procedures, factory buildup, site

support and pre-launch operations are functionally identified in the following

paragraphs. These ltems are identified in Table 2-2 and reflect the electrical

support equipment required for a specific operation, activity and site location
of the DLRV program.

2.,2.1 Test Sets
2.2.1.1 Power Subsystem Remote Control Station

This is a test station which provides switching signals simulating the remote mode
of operation and monitors the resultant voltages, currents, signal conditioning

and readout of the power subsystem's transducers.

2.2.1.2 Inverter Test Station

This is a test station which furnishes simulated vehicle electrical loads and
monitors the 26-V and 115-V single-phase and 115-V three-phase 400-Hz outputs of

the power subsystem's inverter.

2.2.,1.3 Integrated Navigation Test Set

This test set furnishes power to the navigation subsystem's components and the
solar aspect sensor simulator., The test set also provides interface signals and

loads and monitors the navigation subsystem's outputs.

2.2.1.4 Pulse Code Modulation Electronic Test Assembly (PCMTEA)

This test assembly provides power and input signals to the data handling assembly
and monitors the non-return-to-zero serial data, timing, and format of the commu-

nications subsystem's data handling assembly.

2.2.1.5 Transmitter and Receiver Test Station

This is a test set which provides power, audio inputs, RF durmy loads, and demodu-
lation equipment to measure and demodulate the communications subsystem's S-band
transmitters' outputs. The station also provides phase shift keyed (PSK) and
voice-modulated RF inputs to the S-band receivers and selectable loads at the

outputs of the receivers and the command decoder assembly.
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2.2.1.6 Hazard Detection Test Station

This station provides power and discrete, digital and analog signals which simulate
subsystem interface signals. The station also provides a selected load between

the radar transwitter/receiver and the hazard processor.

2.2.1.7 Hazard Detection Interface Unit

This unit provides the capability for readout of the logic storage output registers

of the hazard detection and avoidance subsystem's processor and couples the vehicle
output interface with the input interface of the ground-based remote control
station.

2.2,1,8 Mobility (Steering) Remote Control Test Set

This test set simulates the commands (normally generasted by the DLRV control
center) which are needed for mobility subsystem integration testing. This set
also provides the required interface loads and signals for the mobility subsystem
and monitors critical mobility parameters.

2.2.1.9 Hand Controller Test Set

This testset provides power to the vehicle hand controller and monitors the

simulated vehicle interface load.
2.2.1.10 Automatic Circuit Analyzer (ACA) Adaptor Cables
These cables provide the interface between the ACA equipment and the DLRV wiring

harness. The ACA also automatically checks the DLRV harness for continuity, shorts
and leakage paths.

2.2.1.11 GFE Adaptor Cable Set

These cable sets provide the interface between the GFE (IM) test equipment and

the DLRV subsystem.

2.2.1.12 Thermal Vacuum Chamber Cable Set

This cable set provides the interface between the qualification vehicle and the
thermal vacuum interface adaptors.

2.2,1.,13 Umbilical

This is a calbe set which provides the interface between the vehicle-mounted
wheel drive electronics (WDE) and the test vehicle wheel drive assembly (WDA)

during mobility vehicle testing.
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2.2.2 Servicing Equipment

2.2.2.1 RIG Simulator

This is a power supply with shaping circuits which provides the voltage/current

characteristics of the RIG.

2.2,2.,2 Soler Array Simulator

This power supply with shaping circuits simulates the voltage/current characteristics

of the solar array.

2.2.2,3 Electrical Load Bank

Resistive and reactive loads which simulate the load characteristics of the vehicle

and its subsystems.

2.2.2.4 Battery Maintenance Test Station

This console fills, activates, recharges and checks the DLRV batteries.

2.2.2.5 Vehicle Ground Power Supply

This equipment substitutes for flight batteries and supplies power to the DLRV

during factory buildup and testing.

2.2.2.6 Batteries
These batteries supply power to the wheel drive electronics (WDE), wheel drive

assembly (WDA) and GSE hand controller during mobility vehicle testing.

2.2.2,7 Interface Checkout Unit

This unit is the GSE power distribution assembly which provides the interface for

the EPS components during integrated EPS subsystem testing.

2.2.2.8 Instrumentation Signal Generator Test Station

This test station generates simulated vehicle transducer inputs and monitors the
Non Return to Zero (NRZ) PCM output and the vehicle caution and warning master

alarm.

2.2.2.9 RF Signal Generator Test Station
This station provides phase shift keyed (PSK) and audio modulated RF power
through GSE antenna hats to the DLRV Omni and steerable S Band antennas while

monitoring the resultant outputs across selectable RF durmy loads. This station
also simulates the &5 foot antenna site transmitter and antenna uplink signals

during integrated DIRV Control Center/DLRV testing.
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2,2.2.10 Terrain Profile Simulator

This simulator is an antenna hat system with probes, delay lines, phase shifters,
attenuators, and an electronic control assembly which simulate holes, obstacles,

and nominal lunar terrain characteristics.

2,2,2,11 GSE Hand Controller

An adjustable voltage source which provides the inputs to the wheel drive electronics

of the mobility test vehicle during controlled test operation.

2.2.3 Checkout Equipment

2.2.3.1 Solar Array Checkout Kit

This kit includes a high-intensity collimated light source to activate the solar
array and an electrical load bank which is monitored to measure the voltage and
current characteristics of the array. Sensors and readout equipment for measurement

of solar array temperature are also provided.

2.2.3.2 Solar Aspect Sensor Stimulator

This kit provides a high-intensity light source to stimulate the solar aspect sensor

and its electronics during test.

2.2.3.3 Digital Tape Recorder
This unit (single-track, 0-15 KHz, IBM-compatible) records the output of the data

handling assembly during a test drive of the DLRV over a calibrated course. The
taped data, reduced with the aid of the ground station's navigation computer subse-
quent to a vehicle test run, is used to verify the proper operation of the DLRV's

navigation subsystem during developmental tests.

2.2.3.4 Video Checkout Station

This station provides power and input signals to the DLRV's television equipment

and monitors camera sensitivity, resolution, linearity, etc.

2.2.3.5 Integrated Video Alignment Kit

This equipment, comprised of test pattern and TV Monitor, is used in conjunction
with mechanical alignment equipment to provide camera boresighting and alignment

with the vehicle planform.
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2.2.3.6 Integrated Mobility System Checkout Console

The integrated mobility subsystem checkout console will be used to monitor, record
and control the integrated mobility subsystem checkout kit (mechanical). The
monitoring equipment will be compatible with existing torque and force sensors and
will measure the loading of the wheel drive assembly. A strip-chart recorder will
be used to calibrate the transducers prior to testing and will also record the
transducer outputs. Specialized manual controls will be provided to control the
torque and loading applied by the integrated mobility subsystem checkout kit
(mechanical) to the wheel drive assembly. The console will contain the recorder,

gages, meters, manual controls and power supplies for these units.

2.3 ADDITIONAL SUPPORT EQUIPMENT REQUIREMENTS

The equipment described in the preceding paragraphs was established from an inves-
tigation of the DLRV's subsystems and general configuration. However, additional
mechanical and electrical support equipment may be required as further identifica-
tion of vehicle, science, lunar support equipment and DLRV control center require-
ments become available. In this regard the following areas, particularly those
which relate to the scientific community, require further definition:

o Vehicle-mounted science (remote geophysical monitor, magnetmeter,
gravimeter, etc. ) remote deployment systems

o Scientific experiment support requirements
- Conditioning
- Handling
- Test
- Prelaunch checkout and monitoring
o ILunar support equipment
o DLRV control center support
- Test
- Checkout

- Maintenance

Since the scientific experiment and DLRV control center support equipment areas
nave considerable impact on DLRV launch schedules, it is recommended that
additional studies be conducted in these areas prior to award of a DLRV Phase

¢/D contract.
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SECTION 3

GROUND OPERATING EQUIPMENT

The ground operating equipment (GOE) defined for the DLRV consists of the systems
and equipments that provide or support the functions of control, navigation, hazard
detection and avoidance, instrumentation, tracking, telemetry and communications as
related to the vehicle and scientific experiments. These equipments are to be loca-
ted in ground stations which interface with the MSFN/NASCOM facilities.

Vehicle checkout on a subsystem and higher level testing will be conducted using the
DLRV ground operating equipment in lieu of the acceptance checkout equipment-space-
craft (ACE-S/C) presently utilized with the Apollo spacecraft. The rationale for

not utilizing ACE is that the DLRV control center (DCC) effectively is a unique ACE
station for the DLRV with the capability of stimulating all the vehicle systems and
monitoring the resultant outputs. Thus it would be redundant to consider providing
the signal conditioning required to interface the DLRV with existing ACE facilities
since the DCC must be provided anyway. Additionally, it is desirable that the DLRV-
DCC system be verified prior to vehicle shipment to XSC,

3.1 REMOTE CONTROL STATION

The basic DLRV control center is described in Volume V Mission Operations. Presented
there is the functional arrangement of the DCC together with the major interrelation-
ships between vehicle operating, monitoring and scientific experiment stations,

Typical displays and controls established for the major DCC stations are described

and representative types of hardware available for the determined functions are
indicated. A minimum of two DLRV control centers will be required for the DIRV progvam:
one prototype station at Bethpage, New York which will serve as both a developmental
station and a test station for use in integrated checkout of the vehicle prior to
shipment to KSC; and one DLRV control center which will be the control center for

lunar operation and pre-launch checkout at KSC.

3.2 MODIFICATION TO EXISTING MSFN/NASCOM EQUIPMENT

A literature survey of NASA ground station documentation indicates that average
pulse code modulation (PCM) dowlink communication time delays of approximately elght
seconds can be expected with the existing MSFN/NASCOM acquisition, transmission

and processing equipment. Since the DLRV control and protective systems are

inherently time dependent, a reduction in communication time would improve lunar
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mission operation.

A recommended approach for reducing cormunication response time of the presently
configured MSFN/NASCOM network is detailed in Volume V, Mission Operations (MSFN/
NASCOM/DCC Section). The proposed modification takes advantage of the relatively
simple processing and transmitting equipment used in existing NASCOM voice/data
lines in lieu of the more sophisticated processing equipment used on the normal

PCM channels.

3.3 NEW EQUIPMENT REQUIRED FOR THE MSFN FACILITY

Since the MSFN/NASCOM network interfaces with the DLRV control center, lunar based
DLRV and KSC prelaunch DLRV, special conditioning and interface equipment will be
required between the DCC and the DLRV at KSC since an integrated system checkout
will be conducted prior to launch. No detailed analyses of these equipment require-
ments were performed during this phase of the program, however, it is realized that
new computer hardware, software and conditioning equipment will be required for the
DLRV program., Requirements for this type of equipment are discussed in the Mission

Operations volume,

3.4 AREAS REQUIRING FURTHER DEFINITION
The DLEV control center equipment descriptions, control station interrelationships
and operational procedures defined in the missions operations report (Volume V)
were determined by assuming that no constraints were imposed by the interfaces
of the DCC with the MSFN/NASCOM facilities, The required software and hardware
associated with the existing MSFN/NASCOM facilities were presumed, for the purposes
of this report, to be a NASA responsibility and were considered government-furnished
equipment (GFE). Although this GFE has not been defined, it has been identified
end is listed below for consideration in future DLRV/DCC requirement definition:
o DLRV control center computer program requirements

- Consoles and vehicle to GSFC/MSFN/DSN/NASCOM (interfaces)

- Vehicle and science downlink data processing

- Vehicle and science uplink command processing

o DLRV control center computer hardware requirements associated with the
above software

o Remote control requirements of sampler arm and associated equipment

o Remote control drive station/console
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Preliminary determinations of ground-based processing for vehicle subsystems have
been reported in the subsystem sections of this report and serve to form a basis
for future detailed DCC studies.
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SECTION 4

IUNAR SUPPORT EQUIPMENT

The requirements for equipment which may be used on the lunar surface in support
of the DLRV and scientific experiments have been investigated and preliminary
jdentification of possible lunar support equipment is presented below. Although
tke present configuration of the DLRV obviates the need for some of the lunar
support equipment described, further interaction between vehicle design, astronaut
preference, scientific community requirements and humen factors study may result

in the need for some of these items.

o DIRV assembly tools - special equipment to aid the astronaut in the
conversion of the manned four-wheeled vehicle into the unmanned
six-wheeled configuration

o Battery recharging kit - equipment required to support and interface the
solar array with the DLRV batteries during post EVA battery recharge

o Scientific equipment installation kit - equipment to aid the astronaut
in the transfer of EIM-stowed experiments and equipment to the DLRV

o Vehicle extraction kit - equipment provided to assist in the extrication
of the vehicle in either the manned or remote configuration.
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SECTION 5
TRATINING EQUIPMENT

Training equipment will be needed to train DIRV flight crews, backup flight crews,
NASA ground support, commend and training personnel, and vehicle support personnel.
General training equipment design factors such as equipment growth capabilities,
interchangeability, standardization and updating philsophy will have to be considered
in the final training equipment study. Preliminary definition of the types of train-
ing equipment which will support the objectives of an extensive training program is
provided in the paragraphs below. It should be noted that the baseline training
equipment defined for this study is a 1l-g training vehicle which provides the
capability of conducting manned mission simulations in an earth environment.

o DLRV mission trainer - trainer provided with the simulation required
to reproduce the conditions necessary to train individuals or crews
on an operational mission

o DILRV system trainers - trainers utilized for familiarization and
procedural instruction in DLRV subsystems

o DLRV subsystem trainers - trainers which provide practice on one or
more operator, maintenance, or control functions. These trainers
permit selected aspects of a task or operation to be practiced
independently of other aspects. They provide economical training
on certain elements requiring special attention

o Ground operating equipment mission trainers - trainers provided with
the simulation required to reproduce the conditions necessary to
train individuals or crews under operational mission conditions

o Ground operating equipment system trainers - trainers utilized for
familiarization and procedural instruction in the operation of the
consoles associated with the DIRV and scientific equipment

o Ground operating equipment subsystem trainers - trainers which provide
practice on one or more operator, experimenter control, or maintenance
functions. They permit selected aspects of a task or operation to be
practiced independently of other aspects. They provide economical
training on certain elements requiring special attention
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SECTION 1

INTRODUCTION AND SUMMARY

1. INTRODUCTION
The final report documents the effort during the Phase B Study. This effort has
been directed toward the following:

o Identification of design and operational hazards for the total systen,
each subsystem or critical crew activities

o Establishment of safety design requirements to preclude, eliminate or
minimize potential hazards. Establishment of operational guidelines and
procedure requirements suitable for inclusion in operational handbooks

2. SUMMARY

An analysis technique has been refined, documented, and utilized to determine the
hazards and requirements as shown in this report. A total of 94 hazards have been
identified and 4O safety requirements established. Only 2 of the 9% hazards remain
"open", or unresolved. They are as follows:

0 Obstacle prevents deployment of DIRV., This will be risked and has no
apparent solution

o Tip-tilt information is not displayed to astronaut in real time. Ground
will supply information to crew with a 6 second, minimum, delay
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SECTION 2

HAZARD ANALYSIS TECHNICAL APPROACH

2.1 INTRODUCTION
The hazard analysis takes into account all envirommental factors, malfunctions and
design deficiencies, and errors concerned with the design and operation of the ve-
hicle and equipment. The analysis also includes all interfacing aspects of design
and operations associated with the lander spacecrafi, sclence packages, and crew
activities.
The hazard analysis contains:

o Identification and classification of hazards

o Tabulation of factors that may contribute to hazards and the effects of the
loss of the function (assuming loss)

o Compensating provisions - preventive and remedial measures

o Safety requirements established to minimize, eliminate, prevent or control
hazards

o0 Procedures for the incorporation of safety requirements and coordination
of data flow

Safety assessment and residual hazards as results of the hazard analysis

0 Summary of safety assessments

2.2 ANALYSIS TECHNIQUE
The mejor functions, support functions and tasks that are performed in the hazard
analysis are shown in Figure 2-1. The analysis begins with a review of the mission,
the identification of catastrophic situations and the identification of hazards
that could possible lead to these situations. A gross hazards check list is
tabulated under the primary categories as follows:

o Environmental

o Malfunctions and design deficiencies

o Personnel factors (errors)

The development of data on a functional basis for the design and operation of ve-
hicle and equipment is shown in Fig. 2-2.

2.2,1 Hazard Identification and Evaluation
The gross hazards are further refined into specific hazards, then indexed, and

their occurrence related to the mission timeline.
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FROM 1. DESIGN ENVIRONMENTS
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MISSION PROFILE

1. MISSION PHASE/EVENTS
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3. EQUIPMENT FUNCTIONS

HAZARD CHECKLIST -

2. NEW HAZARD SOURCES

> 1. LIST OF GROSS HAZARDS, (ENVIRONMENTAL, MALFUNCTIONS
AND PERSONNEL FACTORS) LEADING TO CRITICAL SITUATIONS

FMECA

“IDENTIFICATION OF SPECIFIC HAZARDS"

HAZARD EVALUATION

1. SELECT ACTIVE MISSION PHASE

2, ESTABLISH SAFETY CLASSIFICATION
3. DETERMINE RESOLUTION METHOD
4. DETERMINE AFFECTED SUBSYSTEM

g

“ANALYSIS OF HAZARDS"

pe—mseemedp  EST PRELIM REQMTS

CONTRIBUTING FACTORS - DETERMINE
WHICH SUBSYSTEM CONTRIBUTED TO
HAZARD, CONSIDER

. NOMINAL

. OFF-NOMINAL

. EMERGENCY PROCEDURES

. SUBSYSTEM INTERFACE

. SYSTEM OPERATION

N =

adWw

EQUIPMENT FAILURE
. PROCEDURAL ERROR
HOSTILE ENVIRONMENT
DESIGN INADEQUACY

rONS

HAZARD SOURCES - DETERMINE HAZARD INITIATION AS TO

HAZARD EFFECTS - DETERMINE EFFECT
OF LOSS OF FUNCTION, ASSUMING LOSS,
CONSIDERING

1. OTHER FUNCTIONS

2. EQUIPMENT

3. EXPERIMENTS

4. ASTRONAUT/CONTROLLER

“COMPENSATING PROVISIONS"

$ UP-DATE REQMTS

\ 4
1
|
PREVENTIVE MEASURES - REMEDIAL MEASURES -
1. DETECTION DEVICES/WARNING SIGNALS I 1. DESIGN-NECESSARY REQUIREMENTS
2. MULTIPLE ACTION REQMTS | AND FUNCTIONS
3. MULTIPLE FAILURE REQMTS I 2. PROCEDURAL -
4. LOW RISK (HIGH RELIABILITY ITEM) (a) SPECIAL
5. TRAINING I {b) BACK-UP-MODE
|
“"SAFETY ASSESSMENTS" l

DESIGN EVALUATION -
1. EVALUATION OF DESIGN REQUIREMENT
IMPLEMENTATION

2. CRITICAL TRADE-OFFS AND MOST PROMISING

MEASURES
3. DETERMINATION OF RESIDUAL HAZARDS

4. SAFETY ASSESSMENTS AND RECOMMENDATIONS

RESULTS -

1. EST GUIDELINES

| 2 UP-DATE-REQMTS

™ 3 sumMaRv
ASSESSMENT
AND FINAL
REPORT

FIG. 2.1 SYSTEM SAFETY HAZARD ANALYSIS - FLOW CHART
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MISSION REVIEW -

ESTABLISH CATASTROPHIC

SITUATIONS

GROSS HAZARDS
CHECK LISTS

ENVIRONMENTAL
HAZARDS

MALFUNCTIONS &
DESIGN DEFICIENCIES

GROSS/SPECIFIC

GROSS/SPECIFIC

PERSONNEL
FACTORS (ERRORS)

GROSS/SPECIFIC

HAZARD HAZARD HAZARD
EVALUATION EVALUATION EVALUATION
(ENVIRON) {(MALFUNCTIONS, (PERSONNEL

ETC.) FACTORS)

—

DESIGN

CONFIGURATION
SUBSYSTEMS
INTERFACE

(1) (2) (3) (4)

1

OPERATION

SUBSYSTEMS
INTERFACE
EMERGENCY
CREW TASKS
(1) (2} (3) (4)

(1) CONTRIBUTING FACTORS & HAZARD EFFECTS
(2) COMPENSATING PROVISIONS
(3) SAFETY REQUIREMENTS

(4) SAFETY ASSESSMENTS

FIG.2-2 DATA DEVELOPMENT
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The hazards are also classified as they affect design or operations and configura-
tion, subsystem or interface. Each specific hazard is assigned a safety critical-
ity classification in accordance with the following Classification and Safety
Program Directive No. 1 (SPD #1).* The method of disposition to minimize hazards
is also tabulated as to "eliminate, prevent, control or accept risk." The

results of FMECA studies and any new sources of hazards that may develop through
the reiteration process of the analysis are included as shown in Fig. 2-1.

The identified system hazardous conditions are classified as follows (Safety
Classification SFD #1):

o Safety Catastrophic - Condition(s) such that environment, personnel error,
design characteristies, procedural deficiencies, or subsystem or component
malfunction will severly degrade system performance and cause subsequent
system loss, death, or multiple injuries to personnel

o Safety Critical - Condition(s) such that environment, persomnel error,
design characteristics, procedural deficiencies, or subsystem or component
malfunction will cause equipment damage or personnel injury, or will result
in a hazard requiring immediate corrective action for personnel or system
survival

o Safety Marginal - Condition(s) such that environment, personnel error,
design characteristics, procedural deficiencies, or subsystem failure or
component malfunction will degrade system performance but which can be
counteracted or controlled without major damege or any injury to personnel

o Safety Negligible - Condition(s) such that personnel error, design charac-
teristics, procedural deficlencies, or subsystem failure or component
malfunction will not result in major system degradation, and will not pro-
duce system functional damage or personnel injury

* NASA Dcoument: "System Safety requirements for manned space flight." Safety
Program Directive No. 1 dated January 1969. Prepared by Manned Space Flight

Safety Office, National Aeronautics and Space Administration, Washington, D.C.
20546.

2.2,2 Contributing Factors, Hazard Sources and Effects
The specific hazards are tabulated and listed under the function affected (config-

uration, subsystem, interface, etc.). The applicable function is reviewed for

details pertaining to hazard detection, contributing factors, the effect of the
loss of the function (assuming loss), and possible event, source or initiation
that may trigger off the hazard. These results are presented in tabular form and

are the basis for the further definition of safety requirements.
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2.2.3 Compensating Provisions

The vehicle system/subsystems are further reviewed for preventive, or remedial
measures available to minimize hazards. Detail considerations for preventive and
remedial measures respectively are shown in Fig. 2-1. The results are presented

with references to applicable safety requirements and safety agsessments.

2.2.4 Safety Requirements

Preliminary and final safety requirements are documented for distribution to the
program management and technical groups for incorporation into vehicle design

and procedural documents. The coordination of data flow is shown in Fig. 2-3. The
safety requirements are indexed and cross idicies of hazards and appliceble safety

requirements are provided for all hazards.

2.3 APPLICATION OF SYSTEM SAFETY HAZARD ANALYSIS TO THE DLRV

2.3.1 Scope
The analysis for the Phase B Study of the DLRV is of a preliminary nature in which

all possible hazards that may lead to critical or catastrophic situations are fully
considered. The analysis covers vehicle design and equipment, lunar surface
mission/crew operations and interfaces as noted herein. It does not include pre-
launch, in-flight, and delivery to the lunar surface mission phases. The hazard
occurrence for the manned and unmanned configurations is shown by means of the

mission time line.

2.3.2 Data Development
The development of data shown in Fig. 2-2 for the design and operation of the DLRV
is further detailed as follows:

Design Operations
Configuration Subsystems
Subsystems - Electrical Power

Electrical Power

Crew Provisions

Controls

Navigation & Guidance
Mobility & Control Electronics
Mobility

Communications & Instrumentation
Hazard/Obstacle Detection &
Avoidance

Life Support

Thermal

II/1v.2-6

Crew Provision

Controls

Navigation & Guidance

Mobility & Control Electronics
Mobility

Communications & Instrumentation
Hazard/Obstacle Detection &
Avoidance

Life Support

Thermal



Design Operations

Interface Interface
- Spacecraft, Deployment - Spacecraft, Deployment
- Scientific Package - Checkout

Emergency & Rescue

Crew Tasks

2.3.3 ©Safety Assessment
Each specific hazard or risk identified is assessed for impact on crew safety or
mission success. This provides a basis for establishment of final safety require-

ments, guidlines and development of contingency procedure requirements.
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SECTION 3

HAZARD IDENTIFICATION

The scope of system safety effort for the DIRV Project is as follows:

o The hazard analysis covers the DLRV activities occurring during
the period of "lunar stay"

o The prelaunch hazards due to earth enviromments, such as
temperature, humidity, and salt-spray corrosion are the same
as for the lander spacecraft and are not considered herein,

o The in-flight hazards for the DIRV are considered the same as
for the spacecraft. The exception is & possible ionizing
radiation hazard due to additional RTG's

o The ground support hazards of handling operations, loading,
transporting and unloading the DIRV vehicle at BPA and KSC
are well known; the analysis of any hazards identified in the
course of these operations will be performed during Phase 'C'
end 'D' of the program

The besic safety philosophy for the DLRV is to "provide for the crewman's
safe return to the spacecraft at any time and from any location while he is
on the lunar surface." Three critical situations identified are considered
catastrophic to crew safety and mission success:

0 Loss of vehicle mobility

o Inability to rendezvous due to loss of guidance

0 Loss of life support systems
The factors which can contribute to these situations as primery or secondary
causes have been categorized into envirommental, personnel factors, mal-
functions and deficiencies, and are presented in the following gross hazard
categories.
3.1 GROSS HAZARD CATEGORIES

3.1.1 Envirommental

Lurain

Temperature

Vacuum

Radiation (solar flares, RTG)

Contamination (optics/solar arrays/display panels/visor)
Electromagnetic interference

Glare

O O O O O o o
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3.1.2

3.1.3

o]

Meteroids and micro-meteoroids

Personnel Factors (Error)

0O O O O o o o o

(o]

o

Inadvertent activation

Path selection and obstacle avoidance

Dexterity (ingress, egress, tasks)

Direction selection

Underestimating task time

Incorrect deployment procedure

Impact (collision)

Overturning of DLRV

Impact (astronaut/vehicle - obstructions)

Scientific package, interface (handling, operations)

Malfunctions and Deficiencies -- Vehicle and Equipment

o O O O O

o

Loss of power sources

EPS distribution and control loss

Loss of navigation and guidance functions
Loss of life support

Structural damage/failure (shock, vibration)

Loss of communications (up-dating, bio-med, monitoring
instrumentation)

Sharp edges and corners

Stress concentrations

Loss of mobility (propulsion, steering, brakes)

Loss of vehicle stability (pitch and roll excessive)
Electrostatics

Ionizing radiation (RTG)

3.2 SAFETY MISSION PHASES

The hazerds identified are now considered as a function of mission phase.

The mission phases are

[e]

e}

Deployment and checkout
Sorties - (manned)
Outbound

Science tasks/loitering

Egress-ingress lander/vehicle activation/de-activation/preparations
for unmanned mode
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o Long range traverse (unmanned)
o Rendezvous (unmanned)
3.3 HAZARD EVALUATION
Each of the specific hazards of risks identified must be assessed for impact
on crew safety or mission success. Allocation of each hazard into its
appropriate corrective action category considers this safety impact. All
catastrophic and critical hazards must be prevented, eliminated or con-
trolled by design, safety devices, or protective systems. Marginal and
safety negligible hazards should be prevented or controlled by use of
warning devices or special procedures.
Tables 3-1, 3-2, and 3-3 present the hazard date accumulated to date. The
following material explains the table terminology:

Column (1) is a tabulation of specific hazards derived, as applicable,
from the gross hazards listing.

Column (2) identifies the type of hazard: E = Environmental, P =
Personal Error, M = Malfunction; The serial number (S/N) of the hazard;
whether the hazard results from design (d) or operations (OP); and the
applicable system/subsystem (S/S) in accordance with the following:

Systems/Subsystems s/s - D/op
Configuration, Vehicle Design Integration VD (D or Op)
Mobility & Control Electronics MC (ete.)
Thermal TH
Crew Provisions CP
Communications & Instrumentation CI
Navigation & Guidance NG
Electrical Power Systems EP
Heazard Detection & Obstacle Avoidance HD
Mobility MB
Life Support System LS
Interface, Deployment 1D
Interface, Lander IL
Interface, Science Package IS
Interface, Ground Station 1G
Rescue and Emergency RE

Column (3) evaluates the hazards in accordance with the following

method of disposition:

Prevent (Avoid) -- P
Eliminate - E
Control —-C (see note below)
Risk -- R

II/1v.3-3




Column gh) indicates the applicable or high risk mission phase in
which the specific hazards may occur. (Ref. Definition of safety mission

phases)

Column (5) assigns crew safety/mission success impact:

Catastrophic

Critical
Marginal
Negligible

NOTE:

Prevent (Avoid)

Eliminate

Control

Risk

-- CA

CR
-- M
N

(P) The hazard is present, but through vehicle design
or operating procedures is prevented from heppening.

(E) The hazard is removed from the system/mission by a
design change or operating constraint/procedures (e.g.
solar flare activity - the mission is scheduled only in
times of minimum solar flare activity).

(C) The hazard is present, but is controlled/minimized
by design or operating procedures to the extent that it
does not present a problem of crew safety/mission success.

(R) The hazard is present, and the risk is acceptable as
the probability of happening is remote (low risk), and
testing has demonstrated satisfactory system performance.
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SECTION L

SAFETY REQUIREMENTS

4.1  CONFIGURATION (VD)
Hazard
S/N Requirement S/N Hazard Rationale
R 01 Provide roll bar P 17 Vehicle over turns Protect astronaut from
or equivalent M L2 injury and provide
crawl-out space
R 02  Provide leg/foot P 16 Collision with Astronauts' feet are
protection for lurrain/obstacle forward of wheels and
astronaut in the require protection
event of collision
R 03 Provide protection E 05 Loss of visibility Vehicle geometry has
for astronaut and E 06 of displays due to been designed in an
equipment from E 11 dust. ILoss of suit attempt to preclude
material thrown by E 17 integrity. Damage to this hazard, i.e.
wheels, particularly E 18 equipment. Dust on wheels canted outboard
in reverse M 16 radiators
M 17
R Ok Eliminate all sharp E 11 Loss of suit integrity Catastrophic failure
edges and corners M 17 could result
on crew accessible M 28
hardware M 29
M 30
M3l
P 08
R 05 Static/dynamic E 01 Vibration and/or shock Any structural failure
tests are required E 02 1load causes structural could curtail mission,
to prove factors E Ok damage may cause abort
of safety for M 18
primary and secon- M 19
dary structure M 20
M 21
M 22
M 23
M 2k
M 32
M 33
M 34
M 35

II/TV. k-1



Hazard

s/N Requirement S/N Hazard Rationale

R 06 Proper material E 12 Loss of lubricant due Lubricant loss may
selection is to outgassing cause binding
imperative to be
compatible with
envirommental
conditions

R O7 Provide shielding E 30 Exposure of astronaut Mex whole body dose
for injurious ion- M 44  or equipment to = 8 MREMS/HR. Shield
izing radiation M 45 excessive radiation sensitive equipment

M L7

R 08 Provide shield or E 31 Burn astronaut or lose Temperatures 250°F
screen for RTG sult integrity are beyond capability
high temperature
areas

R 09 Provide micro- E 28 Vehicle and/or equip- Mission success
meteoroid E 29 ment damage due to
protection for meteoroid/micrometeo-
sensitive equip- roid impact
ments

4.2 CREW FPROVISIONS SUBSYSTEM (CP)

R 10 Provide switch(es) M 41  Arcing of "hot" Arcing may ceuse
or circuit breakers connectors when build-up on sockets
to remove power in mating/demating or pins
all cables prior to
connecting/discon-
necting

R 11 Provide seat re- E 01 Vehicle motion causes Restraining astronaut
straints in the inadvertent loss of in seat assures main-
driving position control and/or astro- tenance of control

naut sickness

R 12 Provide a rescue/ G 01 Injured or incapaci- Crew safety
passenger crew tated astronaut
station complete
with restraint
system to load and
restrain and incap-
acitated astronaut

R 13 Provide adequate P 03 Insufficient clearance Controls must be
clearance to operate M 48 to reach PLSS controls reachable for change

PLSS controls and
to prevent inad-
vertent actuation

and inedvertent actua-
tion

II/IV.bL-2

of heat load or emer-
gency communications.



Hazard

‘ S/N Requirement S/N Hazard Rationale
J R 1k Provide personal E 13 Excessive total radi- Dosage must not exceed
radiation dosi- E 30 ation allowable. Protection
meter for each is reqd. on a total
[ astronaut dosage basis (RTG,
, solar etc)
I” R 15 Provide thermal E 08 High heat loads or GFE suits incorporate
‘ and micrometeroroid E 27 suit puncture could some micrometeorite
; protection for be catastrophic protection, good for
each astronaut Temperatures 250°F
R 16 Provide for rear P O7 Limited visibility Provide visibility for
viewing P 10 when driving in reverse driving
reverse
|
} R 17 Provide glare E 24 Difficult to read Visibility of displays
shields and inten- E 25 displays in sunlight required at all times
sity controls E 26 or shadow when manned.
E 32
R 18 Provide the capa- E 14 Degradation of equip- Visibility of displays
bility for "dusting- E 15 wment as a result of required at all times
off" /cleaning or E 16 dust when manned. Function
protection of con- E 17 may be impaired by
trol/display panel, E 18 dust
radiator, visor
and other visual
aids, solar array
R 19 Provide crews with P 06 Obstacle recognition, Training will help pre-
sufficient train- ingress/egress, navi- clude personal errors
ing via simuwlation, P 10 gation error, etc. (note: This is a com-
1"g" vehicles, 1/6 P 1l bined Crew Provisions/
"g" training flights P 12 Crew Systems task).
etc. to aid in their P 1k
dexterity and pro- P 15
ficiency to perform
required tasks
R k1 Provide some type G 02 Static discharge when Discomfort and possible

of electrical
grounding to elim-
inate static charge
in vehicle

dismounting

II/IV.4-3
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4.3

ELECTRICAL POWER (EP)

Hazard
S/N Reguirement S/N Hazard Rationale
R 20 The electrical M 01 Inadequate warning of Provides astronaut
power information M 02 EPS malfunctions such with information that

for on-board display M 03
(d) shall include M Ok
a Master Alearm Light M 05
and Tone, Caution

and Werning Lights

(C&W) and status
indicating meters

for the following,

with telemetry (T)

data only as noted:

Batteries - Voltage,
current temperature,
and state of charge:
(D, C&W)

RTG - Voltage,
current, Temp:

(T)

Solar Array -
Voltage, Temp,
current, position
and motor temp: (T)

Battery Charger -
Output voltage,

input voltage,
current and temp: (T)
Shunt Regulator =
Output voltage, temp:
(caw)

(T)

Busses - DC voltage
(T)

as loss of primary
power affecting all
subsystem unless
timely warning is
given

II/IV.h-k

may be acted upon to
prevent total loss of
EPS, in turn affect-
ing crew safety and
mission success. Tone
is required if sun
prevents seeing lights/
displays. Displays

are required to pre-
vent a second failure
from being catastrophic
e.g. communication
failure prevents

ground from warning of
an EPS melfunction or
failure



Hazard

i Requirement S/N Hazard Rationale
|
A vent shall be M 39 Pressure build-up Crew safety/mission
' provided for each during recharge may success
‘ cell and each bat- cause battery explo-
i tery sion
;R oL Provide an auto- M 4O Excessive temperature Could jeopardize
‘ matic cutoff of may result in loss or mission success
‘ battery recharge degradation of battery
, at the max allow-
T able temperature
'L.4  MOBILITY AND CONTROL ELECTRONIC (MC)
i
"R 25 Provide redundant M O1 Reversing switch fails Single failure must
| reversing capabil- when vehicle is at an cause mission abort
i ity unnegotiable object
"R 26 Provide temperature E 09 Loss of drive motor To provide astronaut
‘ sensor and warning with warning of high
display for wheel temp in time for cor-
motor and breke rective action
assembly
R 27 Provide braking cap- P ok Failure of normal Need for emergency
ability which will P 16 Dbrakes, Inadvertant braking
hold full-up vehicle vehicle movement
on maximum negoti-
able slope
R 28 Provide constant P 18 Vehicle overturns Prevent injury to astro-
"tip-tilt" infor- P 13 when negotiating neut and loss of mis-
mation to both slopes sion. Cue to non-nego-
astronaut and tiable slope.
ground for manned
and unmanned sort-
ies
R 29 Prevent inadvertent P Ol  Astronaut injury Crew safety
vehicle movement P 02 from inedvertent
in menned mode, e.g. vehicle motion
switch guards or lock-
out switches
R 30 Prevent inasdvertent P 05 Inadvertent deploy- Crew safety/mission

deployment initi-

ation from lander

e.g. switch guards
or sequencing

nment

II/IV.h-5

success



k.5

NAVIGATION AND GUIDANCE (NG)

Hazard
S/N Requirement S/N Hezard Rationale
R 31 Provide sufficient P 11 1Inability to rendezvous Crew safety
guidance to enable P 15 with lander
the astronaut to M 12
walk-back, under M 13
emergency condi- M 14
tions, at any time, M 15
during & sortie,
(e.g. portable VHF
direction finder -~
or equivalent) or
ride back with
complete or partial
NAV/GUIDE failure
4,6  THERMAL CONTROL (TH)
R 32 Provide thermal E 09 Temperature Limits of Mission success
insuletion for E 10 Equipment exceeded
sensitive areas
and equipments
4.7 INTERFACE - LANDER
R 33 Provide for "Dust-= E 19 Lander contamination Possible degradation
ing-off"/cleaning/ E 20 of lander. (This hes
removal of suit not been recognized
contamination and as a hazard by Apollo,
cleaning of lunar but may be for ELM,
semple containers Will probably be GFE
prior to cabln or LM supplied if re-
entry quired)
4.8 MISSION
R 3k The walk-back dis- M 01 Loss of vehicle Crew safety
tance must deter- M 25 mobility
mine the operation- M 36
8l radius on the M 37
early DLRV missions. M 38

(Walk-back distance
is limited by ex-
pendables remaining
in PLSS and man's
ebility to walk

on lunar surface).
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Requirement

Hazard

Rationale

R 35

R 36

R 37

R 38

4.9
R 39

R Lo

R L2

The vehicle shall
not descend/ascend
any slope beyond
the capability of
the astronaut to
ascent/descend on
foot

Mission shall be
scheduled in
periods of minimum
solar flare sctiv=
ity

Return legs of
sorties shall not
be made over pre-
viously unexplored
lurrain,

Provide protection
for the astronaut's
eyes, either opera-
tionally or mechan=-
ically to prevent
the laser from

contacting the eyes.

M 46

Loss of vehicle mobility Crew safety

Soalr radiation

Exceeding life support
capebility

Eye damage from
laser

COMMUNICATION/INSTRUMENTATION

Communications
(voice, bio-med)
required ar all
times., Hard-line
between astronaut
and vehicle not
acceptable

Any communication
feilure is cause
for mission abort

Identify safety
critical commands
"e.g. wheel disen-
gagement) and add
redundant relays
for those commands

E 1l
G o2

Torn suit or broken
wire causing lesk

or loss of communi-
cations, respectively

Electrical malfunction
resulting in loss of
communications (voice,
bio-med), and/or vehi-
cle instrumentation.

Generation of spurious
commands

IT/Iv.L4-7/8

Crew safety and
mission success

Direct return may not
be possible due to
unforeseen lurrain
features between
rover and lander.

Crew safety

Crew safety

If manned mode, re-
strict sortie to
line-of-sight (for
PLSS communication
via lander)

Mission success



